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VOLUME  II 

(Principal  Authors  ”1"  thru  "Z") 


INTRODUCTION 


1.  Th«  proceedings  of  the  1964  Army  Science  Conference  ie  e 
compilation  of  all  papers  presented  at  the  conference.  Its 
purposes  are  to: 

a.  Provide  a  historical  record  of  the  conference 

b.  Provide  source  material  for  scientists  engaged 
in  research 

c.  Enable  conference  participants  to  review  papers 
in  which  they  have  a  special  interest 

2.  The  report  consists  of  three  volumes  as  follows: 


Volume  I  Unclassified  papers,  principal 

authors,  A  thru  H 

Volume  II  Unclassified  papers,  principal 

authors,  I  thru  Z 

Volume  III  Classified  papers,  alphabetically 

by  principal  authors 

3.  Three  Invited  Papers,  which  were  presented  at  the  Opening 
General  Session  are  grouped  together  at  the  beginning  of 
Volume  I.  These  papers  are  essentially  different  in  nature 
inasmuch  as  they  were  oriented  toward  the  general  scientific 
and  lay  interests  of  a  mixed  audience,  rather  than  reporting 
on  a  specific  research  effort  within  a  given  discipline. 


4.  All  experiments  involving  live  animals  which  are  repotted 
in  the  Proceedings  were  performed  in  accordance  with  the 
principles  of  laboratory  animal  care  as  promulgated  by  the 
National  Society  for  Medical  Research. 
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IKRATH  and  SCHNEIDER 


THE  REALIZATION  OF  ACTIVE  SEISMIC  SYSTEMS 
AND  THEIR  PRACTICAL  APPLICATIONS 


KUR1  IKRATH  and  W.  SCHNEIDER 

U.  S.  ARMY  ELECTRONICS  KbstMRCH  AND  DEVELOPMENT  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 


INTRODUCTION: 

Steady-state  seismic  waves  could  be  used  for  seismic  com¬ 
munication  If  seismic  transducers  were  available  that  would  serve  as 
efficient  transmitters  and  receivers.  An  approach  has  been  made  to 
the  development  of  efficient  transducers  with  an  elastic  analogue  to 
tuned  radio  transmitters.  The  latter  use  a  quarter  wave  dipole  an¬ 
tenna  as  a  resonant  matching  transformer  between  the  drive  system 
and  the  radio  propagation  medium.  Analogously,  the  seismic  trans¬ 
ducers  described  below  have  an  artificial  elastic  transmission  line 
section  that  acts  as  a  resonant  matching  transformer  between  the  low 
impedance  of  the  electrodynamic  speaker  drive  systems  and  the  high 
mechanical  impedances  of  seismic  propagation  media. 

DISCUSSION: 

Two  transducers  are  shown  in  Figures  I  and  2.  With  respect  to 
Figure  I,  first  and  second  resonant  vibration  modes  are  about  80  and 
260  cps,  which  roughly  correspond  to  the  one-quarter  and  three-quar¬ 
ter  wave  resonances  of  the  elastic  transmission  line.  The  exact  op¬ 
erating  frequency  that  corresponds  to  the  ground  reasonance  mode  de¬ 
pends  upon  the  mechanical  impedance  of  the  ground  medium.  In  this 
mode,  the  reactance  part  of  the  mechanical  ground  Impedance  is  tuned 
by  the  output  reactance  of  the  elastic  transmission  line  section.  The 
detuning  by  different  ground  media,  which  is  the  load  impedance  for 
the  transducer,  is  usually  less  than  3  cps;  to  compensate  for  fre¬ 
quency  discrepancies  that  may  arise  when  transmitter  and  receiver 
are  placed  on  d iff  rent  ground  media,  some  of  the  transducers  have 
been  equipped  with  a  mechanical  frequency  trimmer,  in  the  form  of  an 
adjustable  large  compliance  in  series  with  the  mass  of  the  drive  coil. 

The  transmitter  performance  characteristics  of  one  80-cps  trans¬ 
ducer  are  shown  in  Figure  3>  The  transducer  piston  and  vertical 
ground-surface  displacement  velocity  of  sand-gravel  soil,  and  the 
electrical  Input  impedance,  are  plotted  versus  frequency  for  con¬ 
stant  drive  power.  The  receiver  performance  characteristics  of  a 
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transducer  ar«  shOMn  In  Figure  4.  Here»  the  open-circuit  voltage  out¬ 
put  is  plotted  versus  frequency  for  a  constant  shake-table  displace- 
inentt  end  the  practical  voltage  step-up  ratio  is  given.  The  nominal 
80  cps  transducers  can  be  operated  continuously  with  10  watts  of 
drive  power,  and  intermittently  with  up  to  20  watts.  The  electrical 
input  impedance  depends  upon  the  ground  medium  and  Is  between  3  and  6 
ohms.  The  drive  system  is  electrodynamic,  employing  a  permanent  cera¬ 
mic  magnet.  The  static  force  versus  def lec: Ion  characteristic  of  the 
slotted  steel  tube  which  serves  as  the  artificial  elastic  transmission 
line  transformer  section  has  a  slope  of  10^  newtons/meter.  The  slots 
correspond  to  shunt  capacitances  and  the  mass  of  the  slot  sections 
correspond  to  serial  inductances  in  the  analogous  electrical  trans¬ 
mission  line. 

Though  differing  In  size  and  weight,  the  nominal  12-cps  trans¬ 
ducer,  shown  In  Figure  2,  is  similar  to  that  of  Figure  I.  Here,  a 
conventional  locomotive  coil  spring  is  used  as  the  elastic  transmis¬ 
sion-line  section.  The  necessary  high  d  and  low  frequency  of  this 
transducer  provide  some  difficulties  for  the  drive  circuit.  Typical 
performance  data  for  this  transducer  for  sand-gravel  soil  are:  0.6 
and  3.3  mm/ sec  vertical  and  horizontal  ground-surface  displacement 
velocities,  respectively,  at  a  distance  of  I  meter,  at  12.5  cps,  and 
with  I  watt  of  drive  power;  input  impedance  30.4  ohms  (including  3*5 
ohms  d-c  resistance)  and  50-  percent  pCMer  bandwidth  for  constant 
ground-surface  dlsplacem.$nt,  approximately  ±  0.02  cps. 

The  precise  efficiency  of  the  transducers  is  difficult  to  deter¬ 
mine.  The  difference  of  the  electrical  Input  impedance  on  and  off 
the  soil  surface,  vthich  is  in  the  order  of  2  to  3  ohms,  indicates 
that  the  efficiency  is  of  the  order  of  30  percent  or  more.  A  prac¬ 
tical  measure  of  the  efficiency  of  the  transducers  is  expressed  by 
the  following  experimental  data:  with  10  mw  of  transducer  drive 
power,  an  80-cps  seismic  signal  produced  in  the  soil  of  the  Hexagon 
yard  was  received  at  a  distance  of  300  feet  with  a  2:1  signal-to- 
noise  amplitude  ratio  with  the  use  of  a  ParJB-4  lock-in  amplifier- 
detector  circuit  to  partly  overcome  the  manmade  seismic  noise  caused 
by  traffic  and  machinery  around  and  in  the  laboratory.  Similarly,  in 
the  ice  cover  of  Lake  Waramough,  Conn.,  which  is  approximately  40-cm 
thick,  80  mw  of  transducer  drive  power  produced  a  flexural  wave  re¬ 
ceived  at  a  distance  of  300  feet  with  a  transducer  and  an  a-c  milll- 
voltmeter  as  30  cps  voltage  with  a  30-db  signal-to-noise  ratio. 

The  efficiency  of  the  transmitter-transducer  Is  ultimately  de¬ 
pendent  on  the  elastic  range  of  the  seismic  medium.  Specifically, 
local  overstressing  of  the  ground  medium  at  the  edges  of  the  trans¬ 
ducer  piston  reduces  the  radiation  efficiency  at  high-drive-power 
levels.  On  sandy  soil,  for  example,  a  small  amount  of  signal  strength 
is  gained  by  increasing  the  drive-power  level  of  the  80-cps  trans¬ 
ducers  above  6  to  7  watts.  These  considerations,  and  the  performance 
characteristics  of  ground-resonant  transducers,  largely  determine  the 
applications  to  which  the  transducers  may  be  put  in  active  seismic 
systems. 

In  active  systems,  seismic  waves  are  launched  along  the  surface 
and  into  the  ground  under  the  control  of  the  system  operator. 
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Dependent  upon  the  perttculer  epplicetlont  (comminicetion,  geoloDteel 
exploration,  and  surveillance),  the  original  characteristiet  of  the 
waves  are  used  either  to  transmit  information  or  their  variations  dur 
Ing  propagation  are  used  to  yield  information  about  properties  of  the 
seismic  medium  and  about  natural  or  manmade  boundary  conditions  of 
the  medium.  Active  seismic  systems  may  be  classified  by  the  form  and 
function  of  signal  paths  between  transmitter  and  receiver.  The  nar* 
row  bandwidth  of  the  80-cps  transducers,  for  instance,  limits  signal¬ 
ling  speeds  to  one  or  two  bauds/sec.  In  ail  other  cases,  the  conven¬ 
tional  methods  of  signal -carrier  modulation  are  possible  within  the 
given  limits  (including  striking  the  transmitter-transducer). 

On  the  surface  of  the  weathered  layer  of  the  earth,  the  communi¬ 
cation  ranges  are  short.  The  amplitude  of  an  80-cps  cw  seismic  sig¬ 
nal  received  versus  distance  on  a  dirt  road  at  the  Earle  Test  Area, 

N.  J.,  is  shown  in  Figure  5«  The  wiggles  of  the  curve  come  from  in¬ 
terference  between  seismic-wave  modes  of  different  speeds.  The  sys¬ 
tem  used  for  this  measurement  consists  of  two  transducers  only,  a 
signal  generator  with  audio  amplifier,  and  an  a-c  voltmeter  with  pre¬ 
amplifier.  The  actual  range  limitations  are  the  elastic  range  and 
the  noise,  which  in  this  case  comes  from  the  wideband  transistor  pre¬ 
amplifier.  When  the  transmitter  drive  power  was  doubled  from  6  to  12 
watts,  there  was  an  increase  of  only  25  percent  in  signal  amplitude 
at  500  feet.  With  e  more  sophisticated  system,  using  a  phase-detec¬ 
tion  system  with  a  ParJB-4  lock-in  amplifier  as  a  receiver,  a  com¬ 
munications  range  of  up  to  0.3  mites,  which  ran  partly  through  a 
wooded  area,  was  bridged  with  a  4:1  signal-to-noise  amplitude  ratio 
(Figure  6) . 

Since  the  power  radiating  from  one  transducer  is  limited  by  the 
elastic  range  of  the  seismic  medium,  there  is  a  definite  need  for 
seismic-transmitter  arrays  and  a  means  of  controlling  the  direction 
of  the  radiated  «iMive.  Preliminary  tests  with  a  two-transducer  array 
demonstrated  that  it  was  possible  to  make  significant  improvements  in 
the  communication  range  along  and  through  the  weethered  layer  of  the 
earth.  The  propagation  velocity  of  seismic  signals  in  soil  is  ex¬ 
tremely  low,  end  the  frequency  dispersion  is  large. 

Three  different  methods  with  corresponding  circuits  were  used  to 
measure  the  phase  velocity  and  group  velocity  of  seismic  waves  In 
sand-gravel  soil  and  in  floating  sheets  of  lake  Ice.  Measurements 
were  made  of  the  accumulated  phase  of  received  relative  to  trens- 
mitted  80-cps  cw  seismic  signals  versus  distance  with  radio  and  cable 
feed  forward  systems  in  Figure  7a-b.  The  slope  of  the  accumulated 
phase-versus-di stance  curve  of  Figure  8  yields  the  wave-length  and 
phase  velocity  in  the  respective  distance  region.  The  phase-velocity 
transition  from  410-  to  170-m/sec  occurs  22  m  from  the  transmitter, 
at  the  same  distance  where  the  wiggle  appears  on  the  signal  amplitude 
versus-di stance  curve.  Beyond  50  m  distance,  a  high-speed  propaga¬ 
tion  mode  of  433  m/sec  phase  velocity  is  resumed.  Practically  the 
same  values  are  measured  with  the  standing-weve  awthod  in  the  respec¬ 
tive  distance  region.  The  interference  of  a  low-speed  mode  from  one 
transducer  with  a  high-speed  mode  of  the  other  transducer  results  in 
the  respective  distance  range  in  a  double-periodic  standing  wave 
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(Ftgura  9).  In  tha  tame  way,  the  group  velocities  are  measured  by 
recording  time  phase  of  the  envelope  of  a  modulated  seismic  wave  re* 
ceived  at  different  distances  from  the  tr  ''smltter  or  at  different 
distances  between  receivers.  We  used  recordings  of  80*cps  signals, 

100  percent  modulated  with  0.16  cps,  received  at  distances  up  to  lOOm. 
The  mean  group  velocity  on  sand*gravel  soil  was  determined  to  be  ap* 
proximateTy  120  m/sec  at  80  cps. 

By  the  same  methods  and  measurement  systems,  the  attenuation  and 
phase  velocity  of  80*  and  260*cps  flexural  waves  were  determined  in 
the  sheets  of  ice  on  Lake  waramoug,  Gonn.  and  Lake  Hopatcong,  N.  J. 

The  theoretical  unique  dependence  of  the  phase  and  group  velocity  of 
flexural  waves  on  the  thickness  of  the  floating  ice  sheets  (i)  was 
verified  experimentally  with  a  high  degree  of  numerical  accuracy. 

With  the  conventional  values  for  the  elastic  properties  of  "standard 
ice"  and  water  (I),  the  Ice  thickness  on  Lake  Waramough  was  32  cm,  as 
derived  by  wavelength  measurement.  Eight  days  later,  it  was  found  to 
be  kO  cm.  The  standing*wave  method  of  measuring  the  flexural  wave* 
lengths  at  80*  and  260*cps  was  used  at  Lake  Hopatcong.  Tha  experi¬ 
mental  wavelengths  ratio  was  found  to  agree  within  3  percent  with  the 
theoretical  ratio  for  the  existing  ice  thickness  of  50  cm. 

The  measurement  of  the  propagation  characteristics  of  seismic 
wave  in  sand-gravel  soli,  in  almost  entirely  wooded  terrain,  and  In 
lake  ice  supplied  the  necessary  experience  required  for  the  applica¬ 
tions  and  operation  of  specific  active  seismic  systems  for  communi¬ 
cations  and  surveillance.  The  systems  found  to  be  most  versatile  and 
useful  are  the  seismic-electric  feed  forward  and  feedback  systems. 

The  open-loop  system  (Figure  7a),  with  an  external  signal  generator, 
was  used  for  phase -velocity  measurements  and  for  communication.  The 
radio  signal  can  be  used  for  communications  purposes  and  will  carry 
one  part  of  the  information,  and  the  seismic  signal  will  act  as  the 
standard  of  coherence  carrying  the  other  part  of  the  information  re¬ 
quired  to  decode  the  radio  signal  or  vice  versa,  the  radio  signal  can 
Im  used  to  supply  the  standard  coherence  for  the  detection  of  the 
seismic  signal.  Since  seismic  signals  30  to  UO  db  below  the  micro- 
seismic  noise  can  be  detected  with  this  system,  it  is  appi Icabie  to 
protected  communications.  Obviously,  larger  distances  can  be  bridged 
by  burled  seismic  relays  analogous  to  radio  relay,  and  by  directed 
seismic  wavebeams  into  ducting  ground  layers.  In  another  application 
of  the  open-loop  system,  changes  of  propagation  velocity  of  seismic 
surface  waves,  produced  by  the  loading  of  the  ground-surfaces  by  ve¬ 
hicles,  are  recorded  as  relative  phase  changes  of  the  received  signals. 
Theoretical  calculations  show  that  changes  of  the  ground-surface 
boundary  conditions  manifest  themselves  as  changes  of  attenuation  and 
velocity  of  seismic  waves. 

Figure  10  shows  a  recording  of  the  phase  change  of  the  received 
relative  to  the  transmitted  seismic  Ori  signal  caused  by  a  car  moving 
very  slowly  on  a  70-m  portion  of  the  transmission  path.  In  like 
manner,  weather-produced  changes  of  seismic-propagation  character¬ 
istics  of  sand-gravel  soil  have  been  recorded  over  several  weeks  at 
the  Earle  Test  Area.  The  introduction  of  a  switching  circuit  which 
when  activated  by  the  received  seismic  wave,  turns  the  seismic  trans- 
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mittar-transducer  off  via  radio,  and  upon  intarruptlon  of  tha  solsmic 
wava  raceptlon  turns  tha  transnilttar  on  again Jaads  to  a  saltralc 
multivibrator  systam.  Tha  resultant  seismic  signal  Is  a  pulsaitiodu- 
latad  slngla-fraquancy  wave.  Since  tha  pulse  duration  depends  In 
part  on  tha  distance  and  propagation  characteristics  of  tha  seismic 
medium,  It  Is  possible  to  derive  the  group  velocity  from  measurements 
of  the  pulse  repetition  rata  at  different  distances.  Natural  or  man¬ 
made  changes  of  tha  seismic-propagation  condition  mUI  bring  about 
corresponding  changes  of  the  pulse  rates.  Tha  close-loop  systam, 
(Figure  7b)  without  an  external  signal  source,  appears  to  be  tha  most 
practical  for  surveillance.  Two  operating  conditions  are  possible. 
With  critical  gain,  a  50-  to  I50~m  seismic  electric-loop  system  acts 
as  an  extremely  sensitive  seismic  detector.  With  overcritical  gain, 
the  system  becomes  a  seismic  oscillator,  the  frequency  of  which  Is 
within  the  limits  set  by  the  transducers  dependent  upon  the  propaga¬ 
tion  characteristics  of  the  selsmic-transmisslon  path.  Hence,  quesl- 
statlc  changes  of  the  ground-surface  boundary  conditions  (for  instance 
by  a  vehicle)  are  therefore  recorded  as  changes  of  the  frequency  pro¬ 
duced  by  mixing  of  the  selsmic-oscl I letor  signal  with  a  reference 
signal  of  constant  frequency.  Figure  II  shows  recordings  of  the  beet- 
frequency  signal  produced  by  a  vehicle  slowly  moving  in  the  setssiic- 
trensmisslon  path. 

During  these  experiments,  it  was  observed  that  the  beet-frequency 
changed  rather  abruptly  when  the  vehicle  was  about  60  m  from  the  trans 
mitter  and  30  a  from  the  receiver.  However,  the  exact  initial  frequ¬ 
ency  of  the  seismic  oscillator  Is  not  re-established  upon  removal  of 
the  vehicle  from  the  seismic-propagation  path.  At  present,  it  is 
possible  to  speculate  only  concerning  the  cause  of  this  residual  per- 
awnant  change.  Conceivably,  It  can  be  attributed  to  the  penaanent 
change  of  the  surface-wave  path  produced  by. the  tracks  In  the  soft 
soil. 

CONCLUSIONS: 

The  experimental  seismic  transducers,  together  with  the  ancil¬ 
lary  devices  end  circuits  described,  proved  valuable  as  measurement 
Instruments  in  the  Investigation  of  elastic-wave  propagation  in  sand- 
gravel  soil  and  lake  ice.  Seismic  communication  at  80-cps  carrier 
and  2-cps  be.ndwidth,  over  e  distance  of  up  to  0.5  km  In  soil-covered, 
partially  wooded  terrain  (Earle  Test  Area)  was  achieved  with  less 
than  Ik  watts  of  80-cps  transducer  drive  power,  employing  a  ParJB-k 
lock-in  amplifier.  It  was  found  that  a  minimum  of  ID  mw  of  80-cps 
transducer  drive  power  is  necessary  for  the  detection  of  the  radiated 
seismic  signal  at  a  distance  of  about  100  m  on  sand-gravel  soil  as  In 
the  courtyard  of  the  Hexagon  Building  end  vicinity.  This  figure  Is  e 
measure  of  the  efficiency  of  the  transducers  compared  to  other  con¬ 
ventional  seismic-wave  exciters  and  receivers.  The  transducer's 
transmitter-conversion  ratio,  defined  as  vertical  ground-surface  dis¬ 
placement  velocity  at  0.305  m  from  the  edge  of  the. transducer  piston, 
per  square  root  of  the  drive  power,  is  .6k  mm  sec”'Watt*T  and  its 
peak  electrical  impedance  is  6.2  ohms.  The  transducer's  receiver- 
conversion  ratio  is  0.1  to  0.15  open-circuit  volts/mst/sec  ground- 
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turf«c«  dttpUc«iMnt  v«locity.  In  practlc*.  th«  trantducnr  output 
volt«9«  It  stopped  up  from  6  to  16  timott  with  o  trontformor  to 
match  the  trantducor  Impedonca  to  tha  Input  impadancat  of  convan- 
tional  trantfttor  praampi  If  tart  and  a-c  mill  I  vo  I  tine  tars.  Several 
tyttamt  Involving  theta  trantducert  at  taitnlc-wava  transmlttart  and 
racalvart  have  bean  datignad  and  tatted  In  the  field.  A  eontinuout 
taltmle-wava  phata-dittanca  graph  wat  recorded  with  one  of  theta 
tyttamt.  Prom  thit  graph,  tha  saltmlc-wava  phata  valocitlat  of  tha 
various  propagation  modes  ware  derived.  A  seismic  ttanding-wava 
maaturamont  tyttam  wat  designed  and  tatted.  Tha  phata  valocitlat  of 
tha  taltmic  waves  derived  from  tha  standing  wava-vartut-d I stance 
graph  ware  found  to  be  In  agraamant  with  those  derived  from  tha  sig¬ 
nal  -varsus-d  I  stance  attenuation  curve  (I)  which  ware  predicted  theo¬ 
retically,  and  tha  velocity  (mode)  transition  occurred  at  tha  tame 
distance  from  tha  taltmic  transmitter. 

Group-velocity  meaturemants  ware  made  by  measuring  tha  phata  of 
tha  anvalopa  of  a  lOO-pareant  modulated  80-cpt  taltmic  signal  (modu¬ 
lated  with  0.16  cpt)  at  a  function  of  distance  between  racalvart. 
Pulta-tignall tng  tyttamt  ware  triad,  and  it  wat  found  that  tha  strati¬ 
fication  of  tha  ground  produces  rlpplat  In  tha  top  of  tha  pulses. 
Paeordingt  of  amplitude  and  phata  of  taltmic  signals  ware  made  on  a 
eontinuout  basis  to  Investigate  tha  affects  of  weather  on  tha  alat- 
tic^aava  propagation  character Itt let  of  tha  weathered  layer  of  tha 
earth.  Ground-surface  loading  axperlmants  ware  conducted,  and  cor¬ 
responding  changes  of  tha  salsmie-wava  propagation  conditions  ware 
recorded  In  various  ways,  with  active  seismic  systems  having  opan- 
and  closed-feedback- I OOP  circuits.  Tha  propagation  character Ist let 
of  flexural  »Mvat  In  thin  lake  Ice  ware  Investigated,  using  active 
seismic  systems.  Tha  applied  steady-state  maasuramant  methods  and 
tachiiiquas  yielded  data  that  are  In  close  agraamant  with  theory,  and 
with  data  derived  by  other  Investigators  from  conventional  dynamite 
blast-excited  wave  recordings. 

REFERENCES 

(I)  ELASTIC  WAVES  in  LAYERED  KEOIA,  Ewing,  Jardetxky  and  Press, 
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SUKCB  HAVES  XN  ADTGHATIC  UBAPOMS 
EDHIN  H.  JAEUB0H8KI  -  REMBT  P.  SHIISIDHSKZ 


U.S.  ARMI  HBAPCMS  COMfAMD 
SPRIMGPIEXI)  AIHOET 
SPRINGFIEXJ),  MASS. 


OBJECTIVE; 

To  ainiaisA  Cho  djrnoaic  ■trMooo  aad  iacrooM  tlio  aorvleo 
11  £•  of  outootfitlc  uMpon  drlYlas  aprinss* 

COHCUSIOItS; 

1*  Tho  propogatloo  voloeity,  c»  aaaoclAtod  «lti»  tiko  Havo 
Equafon  la  lavaraaly  proportional  to  da#  aprlag  ladas,  0»  l*a*» 
c  •  80,000  d  la/aae«  d 

D 


2.  A  graphical  aolutlon  of  dia  Hava  Equation  ahoaa  that  a 
coopraaalon  tlaa-to-aurga  tlaa  ratio,  Tg/T  ■  2,  eauaaa  tha  ^manlc 
atraaaaa  to  be  equal  to  the  atatlc  atreaaea.  Since  tibia  ratio  la  a 
function  of  the  aprlng  dlaenaloos,  proper  aelectlon  of  d,  D,  and  H 
can  olnlalae  the  dynaadc  atreaaea. 

3.  A  10-cell  finite  difference  repreaentatlon  of  the  Have 
Equation  provldaa  adequate  analog  coaputar  aolutlona. 

4.  The  equatlona  of  notion  of  a  diatrlbutad  naaa  ayatan  and 
the  finite  difference  equatlona  are  Idantlcal. 

5.  The  analog  conputer  can  be  uaed  to  aolva  reallatlc 
autonatlc  ueiqKm  aurge  nave  problana  by  extending  die  progyan  to 
Include  preload,  friction,  bufter  davlcea,  locking  forcea  and  li^ulae 
due  to  exploding  avunltlon. 

6.  The  analog  coaputar  may  be  utilised  to  evaluate  tha 
daaplng  forcea  in  alngle  and  miltla trend  mire  aprlnga,  dwreby 
providing  daalgn  paranetera  to  nlnlnlse  die  dynanlc  atraaaaa. 
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••••••••  Trevel  tine  of  disturbence  over 
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•  •••••••Spring  index 
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Th«  drlviai  apring  la  om  of  tha  priaMty  ccwpowanta  In  an 
autoaatle  aaapon  ayatan.  A  nail  daaignad  driving  apring  will  Inaura 
propar  wai^on  function  ovar  axtandad  anduranca  Ufa.  Althou^ 
nanufacturing  procaaaaa  auch  aa  ahot  paaning,  cold>oatting,  and 
itraaa  ralianring  hava  axtandad  tha  Ufa  of  apringa,  praaMtura  fail- 
uraa  atlll  occur* 

Zt  haa  baan  obaarvad  (Figura  1)  that  nhan  an  intact  ia 
la^artad  to  a  apring,  tha  load  ia  not  diatributad  unifomly  through¬ 
out  tha  langth  of  tha  apring  and  that  aoaa  coila  tand  to  oacillata* 
Furthamora,  tha  atraaaaa  batwaan  adjacant  coila  am  hiihar  than 
thoaa  pmdietad  by  atatic  conaidaraticna*  Hhan  a  rapatitiva  load 
ia  appliad,  tha  elaahing  of  coila,  uhieh  cauaa  tha  rata  of  tha  ^ring 
to  ehanga,  can  ba  obaarvad*  Thaaa  obaarvad  cbangaa  indleata  that  a 
dlaturbanca  at  tha  loadad  and  of  tha  ^^rlcg  la  propagated  throu^  tiia 
apring  wim*  Tharafom,  if  a  driving  apring  ia  to  ba  proparly 
daaignad,  tha  propagation  of  tha  aurga  nova  nuat  ba  taken  into  con- 
aidaration* 

Zt  haa  baan  found  that  apringa  fabricated  froa  atrandad  wim 
are  superior  to  tiioaa  fabricated  iron  aingla  wim  in  both  anduranca 
and  fatigue*  Aa  thaaa  apringa  am  conpmaaad,  tha  pmaaum  batwaan 
adjacant  atranda  ia  incraaaad,  thamby  craati^  a  dingitng  device* 
Conaaquantly,  tha  anplituda  of  the  aurga  wave  ia  attenuated* 


Tha  baaic  foraulae  uaad  for  the  design  of  helical  round  wire 
springs  am: 


Lcad-daf lection  rata: 

P 

X 

-  <s 

Stmss-daf lection  rata: 

5  _ 
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SL 

TT 

Load-Stress  rata: 

p  _ 
5  ^ 

ir 

S 
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Solid  height: 
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Stranded  wire  apringa  react  aasantially  tha  sane  as  aingla 
wim  springs,  i*a*,  the  apring  coila  am  aubjactad  to  a  twisting 
naawAt  upon  coa^msaion*  This  twisting  nonant  mqulraa  titat  tiia 
spring  helix  ba  of  opposite  direction  to  tha  stand  helix  (Figum  2)* 
Zn  this  case  tha  twisting  ament  tends  to  cauaa  tha  individual 
strands  to  "wind  up"  and  tighten  tiia  strands*  This  tightening 
incraaaas  tha  friction  bat«paen  atranda  and  introduces  a  dasiping 
which  is  banaflcial  in  dynasde  applications* 
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Th«  basic  fenulcc  for  do»lsn  of  cercndod  iilro  aprlnis  aro 
proportional  to  tboaa  need  fox  siaila  wire.  The  load-deflection  rate 
of  a  atraaded  itire  spring  ie  detemined  bp  aunning  the  rates  of  the 
individual  single  wires;  whereas  the  stress-deflection  rate  is 
obtained  bp  the  given  fonsule  for  an  individual  wire  diameter.  This 
indicates  that  the  heavier  of  a  etranded  wire  spring  is  similar  to 
a  number  of  aingle  wire  springs  acting  in  parallel. 


BllWm  WUHWAii 

The  iapact  at  the  free  end  of  a  spring  will  cause  anp  point 
on  the  spring  to  vibrate  back  end  forth  about  its  original  position. 
The  displacement  of  the  moving  end  coll  is  not  equallp  distributed 
among  ell  the  coils;  consequcntlp  die  stresses  are  not  equal.  Since 
a  spring  is  nothing  more  than  a  piece  of  streifdit  wire  wound  into  a 
helix,  it  is  expectad  that  the  motion  of  a  point  on  a  spring  would  be 
similar  to  the  motion  of  a  cross-sectional  area  of  a  rod.  The  general 
equation  of  motion. 


3  -fc* 


r  c 


describes  manp  phpsical  spstems  end  is  known  as  the  Wave  Equation. 


When  a  spring  is  cosipressed  bp  a  force  parallel  to  its 
length,  there  exists  a  longitudinal  eotapreeeion  end  a  lateral 
expansion.  In  the  case  of  e  short  spring,  the  lateral  and  longitu¬ 
dinal  motions  of  a  point  will  be  of  the  same  order  of  magnitude. 
Therefore,  this  lateral  motion  cannot  be  neglected  without  serious 
risk  of  error.  When  the  length  to  diameter  ratio  of  a  spring  is 
larga,  the  lateral  motion  ia  small  relative  to  the  longitudinal 
motion.  Therefore,  the  inertial  effect  of  the  lateral  motion  map  be 
neglected  without  introducing  serious  error. 


If  the  distances  to  two  points,  A  and  B,  on  an  tmeonpressed 
spring  ere  x  and x-t-dx  (Figure  3),  any  compressive  force  vfll  cause 
point  A  to  move  e  distance  u  end  to  occupp  a  new  position  i  '. 

Point  B  will  also  move  to  a  new  position  B*  which  is  d x u 
from  the  reference  line.  The  displacement  diie  to  the  compressive 
force  of  points  A  end  B  is  ia  end  VA-t-  |iidx  ,  respectivelp. 
Therefore,  die  relative  displeceawntt  is^  ^dx  mere  ^ 
is  the  unit  elongation. 

The  force  at  anp  point  map  then  be  given  by  P  =  k 


The  force/unit  length  is  zz. 

dx  9 

hence  the  difference  in  ffnrre  across  the  element  is  dF  3  k 
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TIm  iMrtlAl  fore«  of  cho  OlOMBtclX  is  nm 
d'Aloabort**  prtoeiplo 

#i!SL  -  ^ 

9  t  *-  mn  9  X* 


^  dX 
9t.* 


aad  b7 


Tho  dlaoBoloMof  k  and  ■  oro  M  jl  tr*  and  m  a~'  raapactivalj^ 
tharafora,  n/KTb  kaa  tha  dtaanalom  of  valoelty*  SlaM  *'e*'  of  Iqua- 
tly  5  la  doflaad  aa  tha  pro^agatioB  valocity  of  a  dlaturbaaca, 
v/k/a  la  than  tha  propagation  valoelty  of  a  aurga  nara  la  a  aprlag. 
In  tama  of  load-da  f  loot  Ion  rata  aad  nal^t  of  tha  antlm  aprlag 

c*  -  JL  -  KJr*2  . 7 

nr»  "  w 

By  lattlag  tha  aprlng  laagthL^irND  and  aprlag  nalght  w  = 

aad  ai^atltutlng  Bquatloa  liatoBquatloa  7,  tta  propagation  raloclty 

la  obtalnad  la  tama  of  aprlag  Indaa 

Ualag  tha  uaual  valaaa  for  9  ^  r ,  aad  <B 
raaulta  la  tha  follonlag  approzimta  fonaala 


c  ■ 


68,600  d  In/aae. 

i 


Tharaf  ra,  tha  propagation  valoclty  of  tha  aurga  nara  la 
a  function  of  aprlng  ladax,  D* 

d 

Whaa  tha  dyaaale  notion  la  a  aprlng  la  eonaldarad,  tha  tlaa, 
T,  for  a  dlaturbanea  to  travel  tha  aatlra  length  of  tha  aprlag  aim, 
L,  la  defined  aa  tha  aurga  tlna 

T  -  J=.  -  ,  /£?  TT  N  D*  -  /»■'  ■■  /  B\*  ^ 

^-c-vrs  ^-3^  -'/sj 

Hero  the  aurga  tlna,  T,  la  given  aa  a  function  of  tha  baalc 
aprlng  dlaanalooa.  Tha  aurga  tlna  laeraaaaa  with  aprlng  ladax  aad 
la  nuch  graatar  for  anallar  aprlaga  than  for  lengthy  onaa* 

CKAraiCAL  sourriow; 

Iha  utility  of  tha  derived  ralatloaahlp  la  danonatratad  hy 
conaldarlng  two  llluatratad  asanplaa.  In  each  eaaa  tha  aprlag  la 
auddanly  conpraaaad  frron  Ita  free  height  to  a  dlaplacanant  of  two 
Inchaa  by  a  naaa  novlng  with  a  cenatant  valoclty  of  600  in/aac.  Tha 
aprlaga  eonaldarad  are  defined  by  tha  following  paranatara: 


K 

d 

D 

N 


Sorlaa  A 
30.5  lb7ln 
.100  la 
•860  In 

8 

4  la 


17.4  IbTia 
.089  la 
.840  la 
8.93 
6  la 
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tlMMfor* 

e  1C,550  isJssQ  $.430  W»«c 

T  2  «MC.  2.S  «MC. 

Th*  pro^t*tloB  of  tho  swfgo  wbvo  la  llluatracad  in 
Figuro  4.  Tha  acntua  of  tpring  A  la  atudiod  for  tho  tinaa 

e  a  0.  2.  4.  5.  4.  mud  6*5  naoc. 

A3  ,t.  r  ■ 

Tha  flrat  coll  la  givan  an  lap act  and  it  atarta  to  aova  at 
a  raloeiQr  of  400  in/aac  and  all  coAla  hava  loitda  and  atraaaaa  aqual 
to  aaro*  Silica  it  raquiraa  2  naae.  for  tha  aurga  aara  to  traval  tha 
aatira  laagtii  of  apring  wira.  anecaativa  coila  atart  to  aova  with  a 
valoeitp  of  400  in/aac  at  .25  aaae.  Lttanrala. 

AJl  JLfL.  latt&a 

All  tha  coila  arc  noring  at  4(0  in/aac  and  tha  aurga  wava 
arrivaa  at  tiia  anchorad  and  of  tha  apring.  Thia  aorga  aava  ia  ra- 
flactad  at  tha  boundary,  and  tha  aign  of  tha  propagated  valocity  ia 
changad.  Vhaa  tha  aurga  vara  arriraa  at  aach  coil  at  .25  naac. 
intarvala.  tha  propagated  valocity  la  a4|ual  and  oppoaita  to  that 
of  tiia  coil;  tharafora.  tha  raaultant  coil  valoci^  ia  aaco. 

ALJULJLsif^* 

The  aurga  uava  ia  raflactad  a  iiacond  tina  again  cauaing  a 
change  in  tha  aign  of  tha  velocity.  Since  all  cclla  are  notionlaaa. 
the  valocity  ia  inpartad  to  auccaaalva  coila  at  .23  naac.  intarvala. 

At  JLg-.  i  ■ffSi 

Tha  firat  coil  ia  abruptly  halted.  Thia  action  cauaaa  a 
aacond  aurga  unva  to  be  propagated.  Since  tha  relative  velocity 
change  ia  *400  in/aac.  the  aacond  dlstorbanea  propagataa  a  negative 
velocity. 

At  t  .  6  naac. 

The  firat  aurga  unva  ia  raflactad  a  tiiird  tine. 

At  t  a  *1?  ■gftt 

The  firat  and  tha  aacond  aurga  unvaa  arrive  ala — 4;anaoualy 
at  coil  #7.  Since  both  aurga  unvaa  are  nagativa  and  tha  coil  ia 
noving  Kith  a  poaitiva  valocity.  the  raaultant  valocity  of  coil  #7 
ia  *400  in/aac.  Tha  other  coila  are  influenced  by  tha  propagated 
aurga  unvaa  at  auch  tinea  aa  tha  unvaa  require  to  traval  tha  diatanca 
batuaan  auccaaaiva  coila. 

At  othf*  tiBtt 

Since  friction  una  not  eonaidarad.  tha  nagnituda  of  tha 
propagated  aurga  unvaa  will  ranain  cenatant  and  tiia  apring  coila  will 
contiwia  to  oacillata  aa  dictated  by  tha  propagation  valocity. 
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Ttem  iquatiOB  3,  th«  ch«ni«  la  tba  •traat  la 

Thla  ralatloaahlp  ahowa  th«c»  for  aach  0.1  inch  duanta  la  ralaclva 
dlaplacaaant  of  adjacaat  eolla.  tha  chaafa  la  tfaa  atraaa  la 

AS,  r  S2.200 

For  a  coaq^rlaoa,  tha  valuaa  of  eorraapoadlag  atatlo  atraaaaa 
are  alao  fouad.  Slaca  tha  fraa  aad  la  dlaplacad  oaa-half  Ita 
■a^lnua  atroka,  tha  coBfraaaloa  of  each  coll  la  oaa*half  of  tha 
orlgiaal  dlaplacaaaat.  For  Sprlag  A,  aach  coll  havlag  a  rata  of 
2A4  Iba/la  will  ba  dlaplaead  .25  Inch;  tharafora,  tha  atatle  atraaa 

S  =  130,5  00 

Qtiaatltatlva  aaalyaaa  of  tha  coll  dlaplaeaaaata  (Flfura  4) 
ahow  that  a  paafc  atraaa  la 

ASszoa.aoo  L-B/iis/* 

Furthanrarat  tha  dynaalc  atraaa  In  tha  aiddla  colla  la  20  par  cant 
higher  and  diat  of  tha  aad  colla  la  60  par  cant  hld^ar  than  tha 
corraapondlng  atraaaaa  in  tha  atatle  caaa. 

Cooaldarlng  Spring  B  (Figura  5)»  tha  tiaa  for  tba  dlaturbaaca 
to  travel  dia  entire  length  of  tha  aprlng  la  2.5  auMC.  aad  the 
reflected  aurga  wave  will  arrive  at  tiie  flrat  coll  after  5  aaec. 

Since  thla  la  alao  tha  aaae  tlaa  at  which  the  flrat  coll  la  haltedt 
tha  raaultant  propagated  velocity  la  aero. 

Thaaa  dynaade  coll  dlaplacanenta  are  Identical  to  tfaoae 
obtained  by  atatle  coapreaalco  of  Spring  B.  Therefore,  dia  atraaaaa 
are  equal  and  tha  dyna^c  atraaaaa  are  nlalnlaad. 


If  tha  conpraaaion  tlaa  la  defined  aa  T^, 
(Spring  B)  that  for  a  ratio 

. 


It  can  ba  aeen 


tha  dynamic  atraaaaa  equal  tha  atatle  atraaaaa.  Iherefora,  in  tha 
daalgn  of  driving  aprlnga,  the  Tg/T  ratio  nay  be  optimised  by  tha 
proper  aelactlon  of  d,  D,  and  N,. 


AHALOG  COMFOTEK  AFPBOBCH; 

The  graphical  aolutlon  provldea  a  good  rapid  approach  to  tha 
daalgn  of  driving  aprlnga,  but  oecaalona  axiat  when  dw  llluatrated 
method  la  Inaff active.  Failure  la  attributed  to  tiie  fact  diet  the 
reap  function  la  not  typical  of  the  dlaplacemant  of  tha  aprlng  end 
In  an  operating  autoamtlc  weapon.  A  triangular  or  a  fully  rectified 
alne  wave  function  would  ba  more  repreaentatlva.  Ivan  ao,  theaa 
functlona  do  not  Include  tha  recoiling  aaaa  at  the  free  end  and  tha 
force  applied  by  aa  exploding  round  of  anmunltlon.  Vhan  tha  maaa 
and  the  applied  force  are  conaldered,  neither  tha  graphical  nor 
analytic  aolutlona  of  tha  Wave  Equation  can  be  readily  obtained 
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without  tedious  tlns-consumlng  caaputetloo.  Thsrsfor«,  It  Is 
sxpodlaat  to  utlllss  «n  analog  conputer. 


Bacausa  an  analog  conputer  la  capabla  of  solving  ordinary 
dlffarantlal  aquations,  finite  diffarancas  arc  utlllsad  to  transfom 
tha  Wavs  Equation  Into  a  syatam  o£  total  dlffarantlal  aquations* 

Tha  Wava  Equation,  balng  a  function  of  tins  and  dlsplacsswnt,  l*a. 

U(  x,t).  Is  transfomsd  by  obtaining  aolutlons  for  tha  varlabla.U  at 
certain  pradatarnlnad  dlstascas,  x^,  by  dividing  tha  length  Into  "u" 
calls  (Flgura  6>« 


Slnca  'S~yC  I  i 
dasignatls  tiia  slops  at 


dUk  I 


aoy  midpoint,  than  lx cm  Flgura  6 

I  ,  -  M  n  - 


t  A  X 

Vhan  tha  slopes  of  cousacutiva  midpoints  are  known,  tha  second 
darlvatlvas  may  ba  obtained  as 


_ 

a  x^l*^ 


I  -  J_ 


I 

V  dx 


} 


\dX 
t  ~  2  -v 
”  A.X* 

The  Wave  Equatlaa  may  than  be  represented  by  (n-1) 
dlfferanea  aqtiatlons:  ^ 

-  2  4-  uh^.1  ) 


wHER-E  y\  =  » ,  3 . n-t 

For  the  ilava  Equation  representing  a  spring  anchored  on  one  end  and 
free  on  the  o^er  tha  boundary  conditions  are 

i  :  u=o  at  xsio 

Ijl  an  the  spring  Is  divided  Into  al^t  equal  Incrssiants,  the 
seven  difference  aquations  are 

^ (  -  a  tA  ,  u  a.  ^ 
u»  =:  u,-2u»  4-U3] 


~  cm  ~2.U7  ue) 

A  spring  having  a  stiffness  K  and  mass  M  may  ba  raprasentad 
as  tha  distributed  mass  system  shewn  In  Figure  7.  If  this  spring  la 
divided  Into  n  equal  parts,  tha  mass  and  stiffness  of  each  a lament  la 

W1 

m  ,  =  AMD 

'  yy 

The  aquation  of  motion  of  any  mass  alemsnt  other  than  tha 
first  nay  ba  written  as 
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Thtt  •quatloii  of  aotloo  for  tho  first  oMst  olOBOnt  if 

-  <.(-2  X,  -*-x^)=o 

If  thf  spring  is  dividsd  into  sight  sqiMl  ports,  thso  ths 
(n-1)  squstions  of  aK>tl<r>n  bseons  ^ 

V.  =^( 

Xj  -  (x,-2Xx-*-Xs^ 

X7  —  -  (  X  ^  -  2.X-, y 

Sines  M  snd  K  srs  nsss  snd  stiffness  for  ths  entire  spring, 
the  msss/imit  length  end  stiffness/unit  length  ere,  respectively, 

m  = -^  A.MO  K=  KL. 

Hence, 

M  pn  L.*- 

CaeperisoQ  of  the  difference  equetions  (Bquetion  10)  with  the 
equetions  for  the  distributed  nsss  systen  shom  thet  the  equetions 
ere  identicel.  Hence,  it  is  concluded  thet  the  distributed  ness 
system  is  e  finite  difference  represents tion  of  the  Were  Bquetion. 
This  conclusion  pemits  the  enelysis  of  e  reelistie  vnepon  systen 
nhere  otherwise  it  night  be  difficult  to  inpose  precise  bouadery 
conditions  on  the  Heve  Bquetion.  Problems  Involving  preloedsd 
springs,  viscous  end  couloah,  buffer  ection,  locking,  end  the  eppli- 
eetion  of  repetitive  ges  forces  cen  now  be  reedily  solved. 

The  Weve  Bquetion  hes  been  solved  by  the  seperetion  of 
veriebles.  Conperison  of  the  nomel  node  frequencies  shows  thet 
elthough  the  finite  difference  frequmncics  ere  sonewhet  lower  then 
the  true  frequencies, e  10*cell  rspresentetion  of  the  Weve  Bquetion 
on  en  enelos  conouter  will  provide  solutions  within  the  dosLree 
eccurecy  Units.  In  terns  of  e  spring,  e  10-cell  representetlon  will 
produce  solutions  for  consecutive  tenths  (101)  of  wire  length. 

The  enelog  computer  solution  for  Spring  ^  (Figure  8) 
compereir  fevorebly  with  thet  obteined  by  use  of  the  grephicel  method 
(Figure  e). 

When  en  enelog  computer  is  solving  e  system  of  dlfferentlel 
equetions,  the  intemel  volteges  ere  enelogous  to  the  displeeements, 
velocities,  end  ecceleretions  end  they  ere  proportlooel  to  the 
individuel  dynenic  forces  eieerted  on  ell  cell  elements.  The  dynenic 
stresses  between  eny  two  points  ney  then  be  recorded  (Figure  9)  es  e 
function  of  tine. 

The  motion  of  the  first  coil  nay  be  reedily  changed  from  e 
ramp  function  to  e  repetitive  trienguler  weve  by  simply  latroduc.jBg 
en  electronicelly  operated  switch  to  change  the  velocity  of  the  first 
coil  at  predetermined  displacements.  The  surge  wave  propagation  for 
this  condition  is  shown  in  Figure  10. 
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81ac«  th*  b<Mindaf7  coodltloiia  coosldArcd  In  th«  pnvloua 
intcimenn  an  not  rcpnfntntivn  of  practical  weapon  applicatisaa*  a 
■ora  raalUcic  eooditlon  waa  eooaldarad,  l.a.,  an  i^pulalva  force 
applied  to  a  .243  pound  bolt.  The  raaultlns  propatatlon  of  the  aurga 
wowaa  la  ahown  in  Figure  11. 

In  any  real  aprlng  oyataa,  the  aurga  wovaa  are  anrantually 
dnopad  out.  Zntamal  hyataraaia  and  boundary  rof lection  loaaaa, 
along  with  friction  between  atranda  in  nultiatrand  wire  apringa, 
introduce  the  ilaatifng  factora.  Since  thaae  factora  hare  newer  been 
evaluated,  they  are  not  conaidered  In  the  daaigning  of  a  aprlng. 

The  analog  eoeputer  program  nay  be  readily  extended  to  eonaider 
wiacoue,  couloeb  and  boundary  reflection  deeping.  A  atudy  nay  then 
be  perforead  to  define  the  d^ing  paraeatera  thereby  providing  the 
aprlng  daaigner  with  accurate  daaign  data. 


24 


DISPLACEMENT  OF  TWO  ADJACENT  POINTS  ON  A  SPRING 


JAKUBCWSXI,  SWIfCSKCWSKI 


27 


FIC.  4 

GRAPHICAL  SOLUTION  for  SPRING 


TIME  (iDitCl 
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FIG.  6 


WAVE  EQUATION  DESCRIBING  U  I N  TERMS  OF  TWO  I NDEPENDENT 
VARIABLES.  X  and  t,  AT  DISCRETE  VALUES  OF  X. 


|J 


FIG.  7 

DISTRIBUTED  MASS  SYSTEM 
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SURFACE  DEPENDENCE  OF  MAGNETOSTATIC  MODE  LINEWIDTHS 
IN  YTTRIUM  IRON  GARNET 


GEORGE  R.  JONES 
HARRY  DIAMOND  UBORATORIES 
WASHINGTON,  D.  C. 

I.  INTRODUCTION 

Magnetic  materials  that  are  electrical  insulators  have  many 
useful  applications  to  electronic  devices.  The  properties  of  one  such 
ferrimagnetic  substance,  yttrium  iron  garnet  (YIG) ,  make  it  particu¬ 
larly  interesting  to  microvave  technology.  Some  of  the  unioue  prop¬ 
erties  of  this  material  have  made  possible  a  wide  variety  of  micro- 
wave  devices  that  are  useful  to  many  differing  military  systems.  A 
particularly  important  property  is  that  well-prepared  single-crystal 
specimens  of  YIG  have  exceptionally  narrow  ferromagnetic  resonance 
linewidths  at  microwave  frequencies.  The  Harry  Diamond  Laboratories 
has  contributed  to  the  development  of  applications  of  this  material 
and  to  studies  of  the  fundamental  physical  processes  underlying  its 
useful  properties. 

The  piarticular  study  that  is  reported  here  represents  one 
phase  of  a  detailed  study  of  factors  that  influence  the  ferromagnetic 
resonance  linewidth.  The  degree  and  method  of  surface  preparation 
have  been  found  to  influence  greatly  the  observed  resonance  linewidth 
of  spherical  specimens  of  YIG.  It  was  found  that  irregularities  in 
the  sample,  either  on  the  surface  or  distributed  over  the  volume 
provided  a  means  by  which  energy  was  coupled  from  the  ferromagnetic 
resonance  mode  to  a  large  number  of  degenerate  short  wavelength  spin- 
wave  states,  after  which  the  magnetic  excitation  energy  in  these  spin- 
waves  was  dissipated  by  other  processes.  It  was  not  until  recently 
that  detailed  measurements  of  the  sample  surface  made  possible  a 
quantitative  test  of  the  degenerate  spinwave  theory  as  applied  to 
surface  irregularities  (1) .  The  behavior  of  the  uniform  precession 
mode  of  ferromagnetic  resonance  alone  was  considered. 

The  observed  linewidths  of  the  magnetostatic  modes  (2)  did 
not  appear  to  be  related  in  an  orderly  manna"  to  the  magnetic 
properties  or  to  the  surface  irregularities.  The  purpose  of  this 
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work  vfts  to  detemdne  «h«t  additional  factors  were  required  in  an 
adequate  description  of  the  magnetostatic  mode  llnewidths.  It  was 
found  that  substantially  the  eaae  process  as  in  the  uniform  precession 
takes  place,  but  that  consideration  of  the  configuration  of  the 
fields  associated  with  these  inodes  is  required  to  provide  a  general 
theory  of  surface  dependent  linewldth  broadening  of  magnetostatic 
modes  by  degenerate  splnwave  scattering, 

n.  mSORI 

Ihe  surface  dependence  of  the  magnetostatic  mode  llnewidths 
is  associated  with  a  transfer  of  energy  via  surface  irregularities 
from  the  resonant  mode  into  degenerate  splnwave  inodes.  Once  in  the 
form  of  spinwaves,  the  energy  is  dissipated  by  other  processes.  Xhe 
transfer  of  energy  from  the  resonant  mode  appears  as  loss  mechanism, 
thus  the  resonance  line  appears  to  be  broadened. 

Both  the  magnetostatic  resonance  nodes  and  the  splnwaves  are 
solutions  of  Maxwell's  equations  coupled  to  an  equation  for  magnetic 
motion,  Ihe  equation  of  motion  is  linearized  by  restricting  It  to 
small  excitation  of  the  resonance.  The  separate  behavior  of  the 
magnetostatic  modes  and  the  splnwaves  is  developed  in  the  choice  of 
appropriate  approximations. 

The  magnetostatic  mode  description  was  developed  by 
Walker  (2),  Dipolar  fields  resulting  from  the  termination  of  the 
magnetization  at  the  surface  are  significant  in  determining  the 
resonant  frequency  of  the  mode.  Since  the  sample  is  small  conpared 
to  the  wavelength  of  ordinary  electromagnetic  waves  at  the  resonant 
frequency,  the  magnetostatic  approximation  can  be  used:  Curl  «  0. 

Ihe  lowest  order  mode  of  this  system,  the  uniform  precession  mode, 
was  explained  much  earlier  by  Kit tel  (3).  The  wave  functlois  used 
here  are  those  for  spherical  sanples  given  by  Fletcher  and  Bell  (4) , 
The  observable  magnetostatic  modes  are  described  by  functions  that 
vary  slowly  over  the  sample. 

The  splnwaves  are  magnetic  waves  of  very  short  wavelengths 
conpared  to  those  of  the  ordinary  electromagnetic  wave  of  the  same 
frequency  (5) .  The  dispersion  equation  for  classical  splnwaves 
was  derived  by  Polder  (6)  and  the  properties  of  exchange,  a  quantum 
mechanical  effort,  were  Inserted  later.  These  sendclassical  spin- 
waves  aire  described  by  a  similar  dispersion  equation.  The  wave 
function  for  these  splnwaves  are  given  by  Auld  (7)  and  are  used 
here  in  order  to  include  the  exchange  effects.  The  dispersion 
equation,  plotted  in  fig.  1,  is  useful  to  show  schematically  the 
relationships  between  the  various  waves.  The  long  waves,  with 
small  k,  correspond  to  magnetostatic  modes  and  are  observed  as 
discrete  resonances.  The  short  wavelengths  correspond  to  splnwaves. 
The  extremely  short  waves,  associated  with  very  large  k,  are  the 
exchange  dependent  splnwaves. 
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Magnetostatic  modes  are  coupled  to  spinwaves  by  the  dipolar 
fields  that  result  from  termination  of  the  magnetization  at  the  ir¬ 
regular  surface.  Perturbation  theory  expansions  of  the  effects  of 
the  irregular  svirface  include  two  first  order  terms.  These  correspond 
to  the  dipolar  field  associated  with  termination  of  the  static  mag¬ 
netization  and  the  magnetization  associated  with  the  resonant  mode. 
Both  cases  are  treated  in  detail  in  an  earlier  paper  (1). 

The  calculated  surface  dependent  linewidth  is  given  in 

eq.  (1). 


^surface 


_  (Ai^g) 

(2n/r^)Z 


X 


W(^)s  dcp 


k^+k^^[(4nMg)/(2H)]/2+(4T^g)/(2H)] 


fdk  Pderdto^-— Q  ' 

I  31  •  \2  2  2 

•'  (sine+m/(n  iiiKp)  +  cos  0  cos  cp 


^sin^0  k  W(ir  )  Im(r,e,cp)j 
2  s  s 


where  W(kl)  ®  spectrum  function  resembling  a  power  spectrum.  It 
is  derived  from  a  Fourier  analysis  of  the  surface  in  the  two  dimen¬ 
sional  surface  wave  vector  k  .  The  integration  over  if  is  restricted 
to  values  corresponding  to  propagation  of  spinwaves  k  ‘  k  . .  M 
is  the  saturation  magnetization  of  the  material,  r  is^the  S^ISius  Sf 
tiie  sphere.  The  transverse  magnetism  associated  with  the  resonant 
mode  is  m(r, 9,cp),2  The  angular  frequency  of  the  resonance  is  a?  and 
ui  ==  y[H  +  (D/h)k  ]  in  which  y  is  the  gyromagnetic  ratio,  H  is  the 
mgnetic  field  in  the  material,  D  is  the  exchange  parameter  and  k  is 
the  wave  number  of  the  spinwave  where  k  /k  =  sin  9  in  bgth  integrals. 
The  Zeeman  energy  integral  contributes  §  =  j'  Irn(p,9;,m)I  dv. 


The  linewidth  calculation,  Eq.  (1),  requires  an  evaluation  of 
the  surface  spectrum  function  W(k  ).  This  is  obtained  by  performing 
a  Fourier  analysis  of  the  surface.  Experimental  data  (l)  have 
shown  that  certain  surface  preparations  allow  considerable  sinplifi- 
cation.  Inconpletely  polished  spheres  (0.5  to  2.0  oersted  line- 
widths)  have  been  analyzed  with  an  interference  microscope.  Insertion 
of  the  spectrum  function,  thus  obtained  in  Eq.  (l),  showed  that  the 
integral  corresponding  to  static  dipolar  fields  was  negligible.  The 
integral  corresponding  to  periodic  fields  could  be  written  as  a  prod¬ 
uct  of  two  separate  integrals. 
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^  {  f-'s  '2) 

(2n/r‘")Z 

where 

I(u)#M  )  =  fd©  jd<B 

s  .1  '  2  2  2 

(sin  0  +  ui/cDj.  sin  cp  +  cos  9  cos  cp 

Numerical  evaluation  of  was  made  by  automatic  coriputer  at 

the  National  Bureau  of  Standards.  Trie  integral  over  k  reduced  to 
a  single  number  describing  the  surface.  ® 

Ihe  surface  dependent  linewidth,  however,  is  not  a  complete 
evaluation  of  the  linewldths  as  observed.  In  addition  to  coupling 
by  the  surface  irregularities,  crystal  inperfections  distributed 
throughout  the  volume  of  the  sample  may  provide  additional  coupling 
to  the  degenerate  spinwaves  (8).  Loss  mechanism  by  which  the  mag¬ 
netic  energy  is  transferred  directly  to  nomagnetic  excitation  of 
the  solid  may  prove  significant.  Observations  by  Nemarich  (9) 
indicate,  nevertheless,  that  when  such  contribution  is  important, 
the  direct  relaxation  process  is  observed  to  be  nearly  independent 
of  other  parameters  at  a  particular  frequency;  thus,  it  is  constant 
for  a  set  of  magnetostatic  modes  at  one  frequency.  The  several 
linewidth  contributions  are  additive  and  the  general  linewdith  may 
be  written 

^^^^total  “  ^^^surface  ^^Volume  ^  ^^^direct* 

III.  RESULTS  A^JD  CONCLUSION 

Observations  of  the  linewidths  of  a  number  of  the  magneto¬ 
static  modes  were  taken  from  a  report  given  by  R.  L.  White  (10). 
Because  detailed  surface  mieasxirements  were  not  available,  an  appro¬ 
priate  value  was  obtained  by  means  of  a  best  fit  by  least  squares 
of  three  conponents:  "the  surface  linewidth,  (^J) 

where  a  similar  volume  irregularity  constant  is  selected,  anX°^^^ 
(AH)o^rect  linewidth  component  constant  for  all  modes.  The 
first  coefficients  depend  on  the  magnetos .c tic  mode,  but  in 
differen"  ways  because  of  differences  in  tlie  mechanism  by  which 
they  occur. 

The  calculated  linewidth  contribution  of  degenerate  scatter¬ 
ing  by  volume-distributed  inperfections  was  negligible.  Ihs  other 
two  parameters  were  found  to  be  typical  of  sindlarly  prepared 
spheres  (1).  Conparisons  with  two  sets  of  data  are  given  in 


I  COSO  coscp  (l+sinG  sincp)^  sin^Gl  m(r,0,cp)p 
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figiires  2  and  3.  These  linewidths  are  obtained  from  one  sphere 
in  two  different  orientations  and  they  are  treated  independently. 

The  pairs  of  points  for  each  mode  show  very  good  agreement  between 
linewidths  conforming  to  the  theoretical  model  and  those  observed. 

The  close  conformity  of  the  observations  to  theoretically 
expected  behavior  indicates  that  the  semiclassical  degenerate  spin- 
wave  model  adequately  accounts  for  the  seemingly  erratic  behavior  of 
the  magnetostatic  mode  linewidths.  In  addition,  one  interesting 
possibility  lies  in  a  potential  method  of  determining  the  extent 
to  which  a  given  specimen  may  have  its  resonance  narrowed  by 
polishing  without  the  need  of  actual  final  polishing.  This  would 
be  based  on  the  relative  linewidths  of  several  magnetostatic  modes 
obsemred  while  the  sample  surface  is  still  in  an  unfinished  state 
of  polish. 
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Fig.  1  Magnetic  Dispersion  Relation  for  Fixed  Magnetic 
Field  Showing  Spinwaves  and  Magnetostatic  Modes. 
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Fig.  2  Calculated  and  Observed  Llnewldths  of  Low  Order 
Magnetostatic  Modest  (100)  Axis  Magnetisation. 


Pig.  3  Calculated  and  Obaerved  Llnewldthe  of  Low  Order 
Magnetostatic  Modest  (lU)  Axis  MagneUsatlon. 
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A  NEW  GRAVITY  METER 


HE!«y  P.  KALMUS 
HARRY  DIAMOM)  LABORATORY. 
WASHINGTON,  D.  C. 


THE  NEW  METHOD 

For  the  abiolute  determination  of  gravity,  inethodi  employing 
Kater'a  reversible  pendulum  are  usually  employed.  Relative  measure- 
ments  are  made  with  pendulum  or  spring  type  gravity  meters.  Pendulum 
observations  are  time  consuming  and  the  equipment  is  bulky.  An  accu¬ 
racy  of  1  part  in  10^  is  obtainable.  Spring  type  gravity  meters  de¬ 
liver  fast  and  easy  to  make  readings  with  an  accuracy  of  1  part  ^n 
10'^,  but  the  maters  have  to  be  compared  frequently  with  pendulum 
type  Instruments. 

The  unit  of  acceleration  due  to  gravity  is  the  gal  where 
1  gal  =  1  cm  per  sec*.  Hence,  1  g  =  9B0  gal. 

The  change  of  gravity  with  height  gives  us  a  physical  picture 
of  the  required  accuracy. 

«h  “ 

g  is  the  sea  level  value 

h  is  the  altitude  in  meters  . 

R  is  the  earth  radius  (6370  '  lO^m) 

for  h  =  3m,  we  obtain  a  reduction  of  g  by  about  1  milligal. 
Hence,  if  we  lift  the  gravity  meter  from  the  floor  to  the  ceiling  of 
a  room,  the  instrument  should  give  a  definite  reading. 

A  new  method  for  the  determination  of  gravity  will  be  described 
which  is  rapid  and  easy  to  apply  and  still  has  a  sensitivity  of  at 
least  1  mgal.  After  the  instrument  has  been  calibrated  once,  meas¬ 
urements  are  repeatable  without  further  calibration.  It  is  hoped 
that  future  advances  in  the  art  will  make  a  sensitivity  of  .1  or  even 
.01  mgal  feasible.  The  method  should  be  applicable  at  sea  and  in  air¬ 
planes  because  the  output  of  the  instrument  is  obtained  as  an  AC  volt¬ 
age,  the  average  of  which  can  easily  be  obtained  by  integration. 
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Tilt  lootltrttion  dut  to  gravity  ii  eontinttlly  eonpartd  with 
eantripttal  aoetltrttion  by  Mam  of  an  AC  null  nethod  whereby  a 
lingle  trtntdueer  it  expoaed  to  equal  praaiura  amplltttdaa  from  g 
and  from  the  eantripatal  aeoaleration.  In  thin  way«  the  tranaduear 
charaetarlatie  ia  rendered  non-erltical* 

In  figure  1«  a  long  arm  with  length  rj  ia  ahown,  rotating  around 
A  with  angular  velocity  and  carrying  at  ita  end  a  maan  iiii.  Around 
mi  two  abort  arma  with  length  r2  are  rotating  with  uig  and  -tag  c^l** 
tive  to  the  firat  arm,  carrying  maaaea  A  atrain  gaga  type  trana- 
ducer  T  ia  inaartad  in  the  long  arm,  generating  a  voltage  proportion¬ 
al  to  the  radial  atreaa  exiating  in  the  arm.  The  axlea  through  A  and 
B  are  horiaontal.  The  rotationa  are  produced  by  motora  and  maintain¬ 
ed  at  eonatant  angular  velocitiea. 

Let  IodJ  be  equal  to  |ai2|.  Thia  meana  that,  while  the  Icng  arm 
performa  one  revolution,  the  abort  arma  revolve  once  around  the  long 
arm.  Aa  ahown  in  figure  2,  the  phaaa  of  the  revolutlona  ia  adjuated 
in  auch  a  way  that,  for  the  long  arm  pointing  vertically  up,  the  two 
maaaea  are  together  at  their  higheat  point.  Nhile  the  long  arm 
polnta  vertically  down,  the  two  maaaea  are  again  together  and  point¬ 
ing  upwarda. 

One  can  gueaa  intuitively  how  the  ayatem  worka:  For  the  long  arm 
pointing  up,  gravity  eompreaaea  the  tranaduear.  For  the  arm  pointing 
down,  gravity  expanda  the  tranaduear.  The  centrifugal  force,  however, 
worka  Juat  in  the  oppoaite  direction.  The  long  arm  ia  lengthened  by 
the  abort  arma  in  ita  up  poaition  and  ahortened  by  ita  down  poaition 
ao  that  the  centrifugal  force  axpanda  the  tranadueer  more  in  the  up 
poaition  than  in  the  down  poaition.  For  a  certain  value  of  m^  and 
(1)2  aiid  for  a  certain  w  -  ai^  =  wo,  complete  cancellation  of  the  AC 
output  occura  ao  that  g  can  be  determined  by  meaauring  <e. 

The  tranadueer  together  with  a  high  gain  amplifier  and  detector 
are  uaed  aa  a  null  indicator.  Only  two  elementa  have  to  be  controlled 
with  high  accuracy,  namely  u)  and  rg.  Thia  will  be  explained  later 
after  the  equationa  of  motion  have  been  eatabliahed  and  after  an 
error  analyala  haa  been  performed. 

ANALYSIS 

The  deaign  aa  ahown  in  figure  1  ia  Juat  one  special  arrangement. 
In  order  to  keep  the  treatment  aa  general  as  possible,  it  will  be 
assumed  that  4  uig*  The  problem  is  defined  by  the  determination 
of  the  acceleration  of  a  particle  P  on  a  moving  curvo.  This  accel¬ 
eration  is  the  resultant  of:  a^  -  the  acceleration  of  constraint; 

82  -  the  relative  acceleration  (found  aa  if  the  curve  were  at  rest); 
a3  -  the  Coriolis  acceleration  (twice  the  product  of  the  relative 
velocity  of  the  particle  along  the  curve  by  the  angular  velocity  of 
the  curve);  a^  -  the  acceleration  of  constraint  of  any  point  P  on  a 
moving  curve  is  the  resultant  of:  ajj  -  the  acceleration  of  point  A 


•roind  lAleh  tlit  eurv#  rotttt»;  1^2  -  fteom  P  to  A.  duo  to  tho 
rotation  of  AP  about  A;  a|3  •  rlr  porpoadieular  to  AP. 

AiauminQ  that  only  ono  maia  nfo  li  rotating  and  furthor  aiiunlng 
that  tti  a:*.d  tto  are  uniform  and  that  all  olonontt  aro  rigid  (no  bond¬ 
ing  of  the  arms),  wo  can  dotormino  the  radial  aeeoloratlon  along  r|: 
(the  centripetal  aoeelerationa  aro  aiiumod  poaitlve  for  directions 
towards  A  and.  for  t  s  0,  the  initial  position  of  is  at  its  high¬ 
est  point). 

For  mass  n^:  ajj  =  0 

*12  ~  *  *^2  **2^^ 

•13  =  0 

*2  ~  ^2  •'2^ 

*3  *  2«j  *2  cos 

Sy  s  Wj*  r^  +  (wj  +  cos  ui^t 

For  mass  m^s  Sp  =  Sj  =  r|  (03  =  0  ,  a3  =  0)> 

For  two  masses  counter  rotating*  the  Coriolis  term  aj  dis¬ 
appears  because  of  mutual  cancellation  of  the  two  occoloratlons.  No 
obtain  for  and  nw':  -  02 

ay  =  a>j  rj  («j  +  aig*)  r2  cos  wgt* 

It  is  interesting  to  show  that,  if  radial  acceleration  is  considered, 
the  function  of  two  counter-rotating  masses  nw  is  equiralent  to  the 
function  of  a  single  mass  2n^,  swinging  radial'y  along  the  large  arm 
with  sinusoidal  motion  as  shown  in  figure  3. 

s  s  r2  cos  ui^t  ;  s  s  -  (1*2  r2  sin  1*21  ;  s  -  -  0*2^  r2  cos  (ii2t* 

Because  we  sssumo  the  acceleration  towards  A  is  positive,  the  rela¬ 
tive  acceleration  of  2m2  is:  « 

ag  =  (S2^  rg  cos  aigt. 

Hence:  an  =  0;  a^g  =  <«l^(>fl  *  ^2  ®®*  *13  “  ®  • 

•2  “  ••2^  *^2  ®®*  ••2^’  *3  ”  •r  ”  *1^  *’1  ^*1^  *2^^  ^^2  ®®*  •*2^’ 

This  is  the  same  value  we  obtained  before  for  two  counter-rotating 

masses. 

We  are  now  ready  to  write  the  equation  for  the  radial  force  In 
our  idealized  (not  bending)  system. 

The  sign  for  the  forces  directed  outward  from  A  are  assumed  to 
be  positive,  _  2ii^[(il*  rj  +  ((Uj*  (i*2*)r2  ®®*  "i  *1^  '1 
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-(lUj  +  21B2)  a  eoi  ttijt  »  Fqq  +  Fc  +  Fg. 

'.t  eonciits  of  three 
•nd  Fq  at  frequency  ^  . 

Fq^  and  F>  only  would  exlat  if  the  axei  were  vertical.  Fq  ia  cauaed 
by  gravity.  For  clarity,  it  ia  aafumed  that  <  uio*  The  value  of 
gravity  could  now  be  determined  if  F^  ia  compared  with  Fg.  In  order 
to  compare  two  voltages  with  different  frequenciea,  however,  recti- 
fiera  are  necessary.  In  addition,  the  same  transducer  sensitivity 
would  be  required  for  «»2*  These  drawbacks  can  be  avoided  by 

making  W]  =  aig  bo  that  the  transducer  is  driven  by  two  periodic 
forces  with  the  same  frequency  and  the  same  amplitudes  with  opposite 
phases.  A  real  null  method  can  now  be  applied  for  the  measurement  of 
gravity. 

If  tt  =  (Bj  =  002  and  if  only  AC  voltages  with  the  frequency  ^ 
are  derived  from  the  transducer,  we  obtain: 

E  K  [4ii^  rg  -  (m^  -I-  2ni2)  cos  «t  (1) 


In  figure  4,  F^  is  plotted  versus  time. 
Fgc,  a  constant  force,  F^  at  frequency  ^ 


K  is  the  voltage  produced  by  the  transducer  per  unit  force. 
E  =  0,  w.  oM.in:  4,8  ,2  ,2 


For 


r  is  measured  in  cm  and  m  in  radians  per  sec. 


We  can  now  determine  the  required  accuracy  of  the  components  for 
a  non-bending  system.  If  g  has  to  be  measured  with  an  accuracy  of 
1  part  in  10^,  m2,  n^,  and  r2  have  to  be  stable  to  1  part  in  KN. 

at  has  to  be  controlled  to  one  part  in  2*10^  because  ^  ~ 
should  be  noted  that  the  g- reading  is  independent  of  r2.  l^r  a  non- 
rigid  system,  it  will  be  shown  that  r2  has  to  be  controlled  to  4 
parts  in  10,000. 

For  a  g  of  960  cn^sec^,  the  equation  supplies  also  the  correct 
relation  between  0)2*  r2,  ffl2  end  n^: 

(•^,,  =  243  "1  *  ^*8 

*  mg 

For  the  design  of  the  instrument,  the  following  constants  will  be 
chosen:  r2  ~  30  cm,  rg  =  10  cm,  m  =  277-  •  10  =  62.8,  m2  =  159  grams, 
fflg  =  1  gram. 


m  BEittirfijy.iBE  jAugg  asm 

Because  the  new  method  is  based  on  the  comparison  of  two  AC- 
voltages,  their  waveforms  should  be  as  free  from  distortion  as  possi¬ 
ble.  This  is  indeed  the  ease  if  all  elements  of  the  apparatus  are 
rigid.  In  a  practical  machine,  however,  bending  of  the  arms  will 
occur,  causing  phase-modulation  of  the  angular  velocity.  Again,  in 
order  to  keep  the  equations  as  general  as  possible,  it  will  be  assum¬ 
ed  that  0)2  and  uig  ere  not  equal. 

't4 


KALMUS 


St 


The  moment  of  Inertia  I  of  the  total  ayttem  changes  periodical¬ 
ly  with  frequency  ^  because  of  the  rotation  of  the  small  arms.  The 

angular  momentum  tends  to  remain  constant  so  that  will  be  modu¬ 
lated  with  frequency  If  the  motor  would  drive  the  long  arm 

through  a  heavy  flywheel  and  if  the  shaft  between  flywheel  and  arm 
were  not  flexible,  the  arm  would  be  driven  with  essentially  uniform 
velocity. 


Now,  the  flywheel  and  the  unflexible  shaft  can  be  replaced  by 
an  arrangement  as  shown  in  figure  5.  By  extending  the  long  arm  to 
the  other  side  of  the  main  bearing  and  by  rotating  two  additional 
masses  as  shown,  the  angular  momentum  will  remain  constant. 


For  2  small  masses  as  shown  in  figure  1: 

(o)iI)2mj  =  «»i  *  2n5  ^^l^  ^  '2^  ^rj  r2  cos  tti2^)* 
For  4  small  masses  as  shown  in  figure  5: 

o  2 

=  (Oj  •  2115  (rj2  +  12*  +  2ri  r2  cos  tt>2t  +  r^  +  rg 


2rj  rj  cos  u^t).  Therefore:  (u)^I)4g^  -  wj  •  4ii^(rj*  +  r2^). 

It  can  be  seen  that  the  angular  momentum  is  constant.  Ne  can  assume, 
therefore,  that  the  long  arm  is  driven  with  the  uniform  angular  ve¬ 
locity  u)^.  Due  to  the  012  rotation  of  the  small  arms,  tangential 
forces  on  point  B  are  produced,  bending  the  long  arm  periodically 
with  an  angle  excursion  y  and  causing  a  new  angular  velocity  u)(t) 
of  B.  Neglecting  second  order  effects,  «(t)  will  be  s  sinusoidally 
phase-modulated  wave.  The  tangential  acceleration  is  caused  by 
the  Coriolis  term  (03).  a^  =  -2«)|  «i2  r2  sin  ^2^ 

The  acceleration  is  assumed  to  be  positive  in  clockwise  direction. 
The  force  acting  on  the  long  arm  is:  F^  =  +211^  *  2a>j  W2  '2 

F^  can  also  be  computed  by  deriving  the  torque  which  is  the  time 
derivative  of  the  angular  momentum  aijl.  The  torque  acting  on  the 
system  is:  22 

T  =  ^  •i*2ii^(ri  +  r2  +  2rj  r2  cos  o)2t). 


T  =  -4n^  oj  W2  '1  '2 

Hence,  the  tangential  force  acting  on  B  is: 

F^  =  ^  =  4m2  a»j  mg  r2  sin  W2^. 

For:  -  1  gram,  ut  =  uij  -  --  2Tr  •  10  and  r2  =  10  cm 


Ft"**^  =  158000  dynes  =  160  gram  force. 

Assuming  that  this  force  acts  on  a  beam  with  a  length  s  20  cm 
(2/3  or  rp,  the  bending  angle  y  can  be  computed.  A  beam  with 
rectangular  cross-section  (a  -  b  =  3)  is  assumed  although  a  tubular 
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design  with  timiler  stiffness  will  probsbly  be  chosen  for  a  practi¬ 
cal  design^  The  deflection:  4  .  c 

E  is  Young's  modulus  (2  *  10^  Kg/cn^  for  steel) 


Y  =  =  1*5  10"^  radians. 

Actually,  the  bending  angle  will  be  smaller  because  the  constant 
centrifugal  force  increases  the  effective  stiffness  of  the  beam. 

A  value  of  y  =  10~‘,  however,  will  be  assumed  for  further  computa¬ 
tions  in  order  to  accommodate  any  additional  bending  which  may  be 


caused  by  the  transducer  mounting.  Hence,  the  long  arc  is  periodi¬ 
cally  bent  back  and  forth  with  a  maximum  angle  y  =  10*‘  radians.  The 
phase  angle  of  B  is:  0  =  Wjt  +  y  sin  tti2t 

»  =  it  =  «i  +  *2  y  COS 


THE  TORQUE  EXERTED  ON  THE  SMALL  ARMS 

The  torque  exerted  on  each  short  arm  is  caused  by  accelerations 
of  n^,  perpendicular  to  rg.  The  only  term  to  be  considered  is  a^g, 
the  acceleration  of  due  to  its  rotation  around  A.  There  is  no 
perpendicular  component  of  the  terms  ag  and  a3. 

Figure  6  shows  the  vector  diagram. 

2^.  i^ _ Ti _  «  sin  ugt 

®12  "■  *1  Sin  wgt  “  sin  (oig  -  U)|)t  '  *  "■  *1  sin  (uig  -  tt)j)t  ' 


•12  =  i«,*ri  :  ‘p  =  *12  •*"  <«2  *  »*"  V' 


sin  tugt 


Fp  =  -ap  "'g  =  Wgt- 

For  =  1  gram,  a)j  =  2Tr  *  10  and  r^  =  10  cm. 


Fp*”**  “  39500  dynes  =  40.5  gram  force. 

The  torque  T®*’*  =  Fp  *  ^g  “  ^05  gram  cm. 

This  value  is  so  low  that  the  bending  angle  of  the  small  arm  can  be 
neglected*  Still,  the  torque  has  to  be  considered  for  the  design  of 
the  motor,  driving  the  two  small  arms  so  that  excessive  periodic 
phase  excursions  can  be  avoided.  Second  order  effects  caused  by  db 
are  so  small  that  they  do  not  have  to  be  considered. 


FORCES 


It  was  shown  before  that,  because  of  the  Coriolis  acceleration, 
the  angular  velocity  of  B  is  not  uniform.  Hence,  in  order  to  com¬ 
pute  the  radial  forces  with  greater  accuracy,  has  to  be  replaced 
by  w(t).  tt)  =  Wi  +  a;^  y  cos  w^t. 

The  analysis  of  ^e  rigid  system  has  led  to  the  equations: 

For  masses  n^:  aj®  =  Wj  +(«i  +  •2^)*‘2  •gt. 
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For  inas$  mi :  _ 

I  m,  2 

•'ll*  '1* 

Replacing  lOj  by  w  m  obtain: 

For  masses  "b!  n  o  o  9 

a™*  =  rjCoj  +  «2  T  ®®*  2w2!B2YCOs  u^t)  + 

+  +  su^^^cos^jBgt  2a)}M2Y  *2^ 

o 

+  r2  uQ 

.in*.  =  ^  ^  ;  CO.*,  =  i  *  *a*5*«  ,  co.».  =  ^  + 

;  *J!2  _  rjCoij^  +  ^  ^2^  Y^  ■*■  2  «2^Y^®®*  ^ssjt  +  2a)^«^Y  i^t)  + 

2  122  322 

r2(tUi  cos  W2^  '*'  4  ®'2  Y  ®®®  '*'  4  "'2  Y  ®®®  <»2^ 

a)l«2Y  *®i®*2Y  ®®^  2m2^)  a^t). 

The  DC  term;  rj  g»i^  ^  >^1  **2^  Y^  ^^2  *1  *2  Y* 

The  term  at  the  fundamental  frequency: 

cos  ai2t[r2(tt)]^  +  «i2^)  **2  *2^  Y^  ■*■  2rj  •]  *2  y3> 

At  the  second  harmonic:  cos  2w2^^2  ®*2~  Y^  '2  ''’l  Y^* 

At  the  third  harmonic:  cos  3a^t(-^  r2  a>2^  Y^)* 

For  mass  m^: 

fty'  -  ^^i^**!*  ■*■  ®*2^  Y^®®®^  *5^  Y  ®®®  ai2t). 

aj^  =  ^  f  ®>2^  Y^  ■*■  5  ®>2^  Y^  ®®*  2ai2^  ■*■  ^1  *2  Y  ®®»  «^t). 

The  DC  term:  rj  ^  ’^l  *2^  Y^* 

At  fundamental  frequency:  cos  *1  <**2  Y^* 

At  the  second  harmonic:  cos  Zai^tC'i  r^  W2^  Y^)* 

Neglecting  all  terms  containing  y^.  ee  finally  obtain  the  radial 
forces:  (radial  forces  are  assumed  to  be  positive  in  outward  direc¬ 
tion).  „ 

Fqc  =  f*"!  +  2n^)rj  u>j^  +  2m2  r2  Wi  a^  y» 

=  cos  «2^C2n^  r2  (a)j^  +  «2^)+(2m2  +  4n^)rj  at^  a:2  y3* 


^2*2  "  2«2t(2ii^  r2  Wj  tt>2  y)* 

Fqq  and  are  rejected  by  frequency  selective  means.  For 

•  =  =  tt>2  5  40^  r2  +  2«?(2m2  ^  "‘P  Y* 

For  mi  ~  159  gram,  n^  =  1  gram,  rj  =  30  cm,  r2  =  10  cm  and  y  =  10~^, 
the  second  part  of  this  expression  is  400  times  smaller  than  the 
first  part.  Hence,  for  a  required  accuracy  of  1  part  in  10^,  the 
second  part  has  to  be  kept  stable  with  an  accuracy  of  400  parts  in 
10^  or  4  parts  in  10^.  This  means  that  if  the  bending  of  the  large 
arm  is  considered,  r|  and  y  have  to  be  kept  within  four  parts  in 
10000. 

THE  EFFECT  OF  BENDING  OF  IHE  LARGE  ARM  ON  THE  RADUL  GRAVITY  FORCE 

It  has  been  shown  that,  for  the  rigid  system,  the  gravity  force 
is:  Fq  =  (m|  ■¥  2m2)  g  cos  Vit 

>g  =  g  cos  0  (t). 

It  was  also  shown  that,  for  the  system  with  the  bending  arm: 
tt)  >  Y  cos  mgt 

t 

d<t)  aidt  =  aijt  +  y  sin  ai^t. 

Sg  =  g  cos  ((i>|t  Y  sin  ai^t). 

because:  cos  (or  +  3)  =  cos  or  cos  3  -  sin  or  sin  3; 
ag  s  g[cos  si|t  cos  (y  sin  ii2t)>sin  u)|t  sin  (y  sin 

cos  (y  sin  (ii2t)  =  J^fy)  ^  2J2(y)  cos  2si2t  +  EJ^Cy)  cos  4m2X  * 

sin  (y  sin  a^t)  =  2J|(y)  sin  aig^  2J^(y)  cos  Saig^  ... 

(J„(y)  is  the  Bessel  function  of  the  first  kind  of  the  nth  order,  y 

is  the  argument  of  the  Bessel  function  in  question). 

ag  =  gCJ^Cy)  cos  a»|t  -r-  EJgCy)  cos  aiit  cos  2ai2t  *  2J|(y)  sin  arit  sin 

iigt  -  2J3(y)  sin  si|t  cos 

because:  cos  «  cos  3  =  ^  [cos  (a  -  3)  cos  (or  +  3)] 

sin  or  sin  3  ~  ^  [cos  (or  -  3)  -  cos  (a  3)] 

•g  =  9  ®®s  a>it  -  J|(Y)cos(a)|  -  aig^^  + 

+J2(Y)cos(a»i  -  2iq2)t  +  2ai2)t  -  J3(Y)co8(a»|  -  3s)2)t 

+J3(Y)cos(ii}  +  3ai2)t  -  ...] 
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For  a  imall  argunent,  the  folloMlng  approxii^tlons  can  be^mde: 

W  =  1  -  ^  !  JiW)  =  3f !  JjN)  =  %-  !  Js'y)  =  fe  • 


Only  the  fundamental  AC  component  of  the  tranadueer  voltace  ia 
utillaed.  The  bending  of  the  arm  producea  a  reduction  oi  thia  volt> 
age  by  the  factor  For  a  y  10~^,  thia  reduction  ia 


3(2  jjMO 

4  4 

parta  in  10 


and  repreaenta  an  error  in  the  reading  of  gravity  of  2.5 
11 


Hence,  the  bending  of  the  long  arm  will  practically  not  modify 
the  tranadueer  output.  Aa  ahown  before,  thia  output  conaiata  of  a 
wave  with  a  frequency  of  10  cpa.  (w  -  Hj  =  tt)2)> 


THE  INSTRUMEWT 

Figure  7  ahowa  a  achematic  deaign  of  the  apparatua.  The  small 
maasea  end  ny  are  carried  by  two  thin  aluminum  diaka.  For  the 
control  of  apeed  these  diaka  aupport  on  their  periphery  a  magnetic 
recording  aignature  of  100,000  wavea.  Aasuming  a  radiua  of  11  cm, 
the  circumference  of  the.diska  is  69  cm.  The  recorded  wavelength 
is,  therefore,  .69  •  10’^  cm,  a  value  which  is  actually  used  in 
good  recorders.  The  disks  are  driven  by  two  motors  M  and  N*  with 
10  revolutions  per  second.  Two  magnetic  heads  H  and  H*  are  arranged 
on  the  long  arm. 

The  speed  control  of  the  long  arm  la  carried  out  the  same  way. 

A  disk  D  with  magnetic  recording  on  its  rim  is  coupled  to  the  arm. 
Magnetic  head  K  la  employed  to  pick  up  the  recorded  wave.  Hence, 
while  the  disks  rotate  with  10  rps,  the  heads  will  deliver  waves 
with  a  frequency  of  1  Mc/sec.  Disk  D  carries  an  additional  mag¬ 
netic  aignature  on  its  surface  which  produces  in  the  magnetic  head 
L  a  wave  with  a  frequency  of  10  cpa.  The  long  arm  together  witl. 
disk  D  are  driven  by  motor  N. 

Figure  8  shows  a  block  diagram  of  the  servo-loops.  Motors  M 
and  M'  are  slaved  to  motor  N  by  comparing  the  waves  from  K  with  the 
waves  from  H  and  H*  in  the  phase  detectors  P  and  P*.  Nhenever  M  or 
M'  advance  or  retard  with  respect  to  N,  a  positive  or  negative  volt¬ 
age  is  developed  in  P  and  P’.  These  voltages  are  employed  in  the 
motor  control  devices  MC  and  MC*  to  produce  exact  speed  and  phase 
synchronism  between  N  and  M  and  M*.  The  slaving  operation  could, 
of  course,  be  performed  mechanically.  It  is,  however,  believed  that 
an  electronic  system  is  more  exact  and  has  the  advantage  that  less 
weight  has  to  be  supported  by  the  moving  parts. 

The  lO-cycle  wave  derived  from  transducer  T  is  used  to  control 
the  speed  of  motor  N.  Inspecting  equation  1,  it  can  be  seen  that 
the  expression  for  E  consists  of  two  parts:  The  centrifugal  wave 
and  the  gravity  wave.  For  E  =  0,  their  amplitudes  are  identical 


•Bdt  it  m  is  MBiurtdt  q  ein  bt  dtttrnlntd*  If  m  it  too  high  or 
too  low,  tht  ph'^.io  of  B  will  bw  oithor  0^  or  160^  eomporod  with  tht 
photo  of  tht  grority  wort  olont.  Thit  photo  roforonce  it  dolivorod 
by  trontdoeor  L.  Tho  onplifiod  wort  from  T  li  comporod  with  the 
output  from  L  in  tho  phoio-tontitiro  roctifior  Q.  If  itt  output 
it  potitivo  or  nogotivo,  N  it  tpoodod  up  or  ilowed  down  by  oetion  of 
motor  control  NC. 

Finolly,  tho  1  Me  wovo  from  tho  mognotio  hood  K  ii  comporod 
with  tho  output  from  o  mottor  clock  CL  in  the  mixor  MI.  The 
difference  frequency  it  meotured  in  the  counter  CC.  Becouoe 

ond  ottuming  thot  the  motter  clock  dolivort  1  Me  end  thot 
Aiit  frequency  eorrotpondt  to  o  oortoin  g,  o  deviotlon  of  g  by  1 
milligol  will  produoo  o  bootnoto  of  ^  opt.  Obtorrotion  of  thio 
beotnoto  for  o  period  of  10  secondt  thould  bo  sufficient  to  deter¬ 
mine  tho  oxoct  voluo  of  the  boot- frequency. 

Actuollyr  it  will  toko  longer  to  perform  o  meosurement  of  g. 

The  output  of  T  will  eontoin  o  eertoin  omount  of  noite  due  to  on 
unovoidoblo  omount  of  booring-roughnest  to  thot  tho  bondwidth  of 
offlplifier  A  hot  to  be  rottrieted.  The  some  effect  con  be  ochieved 
by  introducing  o  low  pots  filter  ofter  the  phote- sensitive  detector 
Q.  Whichever  method  is  used,  the  time  of  response  of  the  instrument 
will  be  increoted.  If  the  instrument  it  used  on  o  periodicslly 
occeleroted  plotform,  odditionol  integrotion  networks  hove  to  be 
opplied  ofter  Q. 

Voriotions  of  tho  torque  thot  the  motor  N  hos  to  deliver  ore 
reduced  by  extending  the  long  orm  to  the  other  side  ond  by  the  oddi- 
tion  of  2  more  motors  for  the  rototion  of  two  odditionol  smoll  moss¬ 
es  os  exploined  before.  These  motors  ore  driven  in  phote- synchro¬ 
nism  with  M  ond  M*. 

Figure  9  shows  the  trontducer  mounting.*  It  is  very  iiiq)ortont 
thot  the  tronsducer  thould  respond  only  to  rodiol  forces.  It  should 
be  os  insensitive  os  possible  to  ony  loterol  stress  of  the  orm.  The 
long  orm  consists  of  ports  1  ond  2.  They  ore  connected  by  meons  of 
thin  flexible  msmbrones  3,  permitting  free  rodiol  but  impeding 
loterol  motions.  The  tronsducer  is  connected  between  port  1  ond  2* 
which  is  connected  to  port  2  by  s  flexible  port  4.  Port  2*  con 
ogoin  be  subdivided  into  ports  2**,  2**'.  etc.  This  woy,  o  ''filter'* 
is  formed,  eliminoting  ony  undesired  bending  of  the  tronsducer  by 
0  tilting  oetion  of  port  2. 

The  ollgnment  of  the  instrument,  i.e.,  ony  deviotion  from  the 
horizontol,  Is  not  eriticol.  Let  us  ossume  thot  the  instrument  is 
tilted  ^out  the  oxis  of  the  Urge  orm  by  on  ongle  «.  The  centrifu- 
gol  wove  will  now  be  phose  shifted  by  or  with  respect  to  the  grsvity 
wove.  A  phosor  diogrom  is  shown  in  figure  10.  It  is  sssumed  that 
for  correct  olignment  P  =  K  4ii^  or  r2  =  K(mj  +  2n^)g.  (See  equotion 


*  Suggested  by  Mr.  B.  M.  Horton. 


KAUIUS 


1).  Afttr  tht  two  NiTei  havt  betn  oonpar«d  In  the  phase  sensitive 
rectifier  Q,  an  error  voltage  M  will  be  produced  which  is  propor¬ 
tional  to  P(1  -  cos  a)  s  P  •  ^  .  For  an  accuracy  of  1  part  in  10^, 
AE  has  to  be  kept  smaller  than  P  *  10**^.  Hence: 

P  ^  <  p  *  10”^  and  w  <  ^  •  lo"^  radianc. 

This  means  that  a  has  to  be  smaller  than  25  are  seconds,  an  adjust¬ 
ment  which  can  easily  be  performed  by  conventional  means. 


The  author  wishes  to  express  his  appreciation  to 
Mr.  H.  A.  Dropkin  and  Mr.  Arthur  Hausner  for  their  assistance 
in  developing  the  analytical  model. 

He  also  acknowledges  the  simulating  discussions  with 
Mr.  B.  M.  Horton  which  were  invaluable  for  the  development  of 
the  new  system. 


H 


KANT  and  STRAUSS 


THE  MAXIMUM  DISSOCIATION  ENERGIES  OF  DIATOMIC  MOLECULES 
OF  TRANSITION  ELEMENTS 

Part  I.  Upper  Limita  for  Titanium,  Chromium,  and  Manganese 


ARTHUR  KANT  and  BERNARD  STRAUSS 
U.  S.  ARMY  MATERIALS  RESEARCH  AGENCY 
WATERTOWN,  MASSACHUSETTS  OS17B 


INTRODUCTION 


The  dissociation  energies  for  most  of  the  homonuolear  diatom¬ 
ic  molecules  (dimers)  of  the  main  group  elements*^***  (periodic 
groups)  lA  to  VIIA  and  groups  IB  and  IIB  are  known.  The  dissociatioi. 
energies  of  the  main  group  dimers  when  plotted  against  atonic  number 
(Figure  1)^^)  show  a  periodicity  which  allows  for  approximate  estima¬ 
tions  of  dissociation  energies  of  unknown  dimers  within  these  groups. 
However,  no  dissociation  data  has  been  reported  for  the  transition 
elements  and  no  empirical  or  theoretical  means  of  prediction  of  the 
energetics  of  these  molecules  are  currently  available. 


A  consideration  of  the  equilibrium  between  a  solid  element 
and  its  vapor  shows  that  the  ratio  of  dimers  to  atoms  in  the 
vapor  will  increase  with  temperature  if  the  heat  of  sublimation  of  the 
element*  is  greater  than  the  dissociation  energy  (bond  energy)*  of  the 
corresponding  dimer.  For  if  H,  is  the  heat  of  sublimation  and  D.  the 
dissociation  energy,  then  the  heat  of  reaction  for  the  process  M(8) 

♦  M{g)  •  Mj(g)  is  H,  -  Dj;  the  equilibrium  constant  is  P./Pj  (Pi  and 
Pj  are  partial  pressures  of  monomer  and  dimer  respectively);  and 
B  In  (Pj/P^)/S  T  ■  (H^  -  D-)/RT  so  that  increases  with  tempera¬ 

ture  if  H  >  Dj.  Kant***  has  shown  that  the  heat  of  sublimation  is 
greater  than  the  dissociation  energy  for  all  elements  forming  non- 
molecular  crystals.  Table  I  is  a  summary  of  available  data  and  it  is 
seen  that  all  the  metallic  elements,  with  the  exception  of  arsenic  and 
antimony,  possess  a  positive  H,  -  D,.  Neither  of  these  elements  has  a 
metallic  crystal  structure  and  it  is  a  reasonable  deduction  from  this 
table  that  the  gaseous  phase  of  all  metals  will  be  largely  polymeric 
(dimers  and  perhaps  higher  polymers)  at  sufficiently  high  temperatures. 


*Proce88  M(8)  ■  M(g);  M  is  the  element  and  s  and  g  refer  to  solid  and 
gas  respectively. 

^Process  Mj(g)  -  2  M(g). 
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TABLE  I 


Heat  of  Sublimation  -  Dissociation  Energy 
H,  -  Dj  -  AH. 


Ah,* 

Dj- 

■ns 

FJCMBt 

koal/ael  atoa 

keal/ael 

koal/aol 

lA 

U 

31.4 

26.o(;j 

Na 

2t.O 

16.0  ! 

K 

21.5 

12.0 

Rb 

20.0 

Ca 

10.7 

10.0'®> 

■idl 

ZB 

Cu 

01.1 

46.1 

35 

80.4 

37.5 

31 

All 

84.7 

52.0 

33 

IIA 

Mg 

38.0 

■m 

27 

Ca 

42.2 

37 

IIB 

Zb 

27 

Cd 

25 

Hg 

13.6 

II ZA 

B 

141.0 

BO. 

72 

A1 

78.0 

32 

Ga 

65.0 

32  2  > 

33 

IB 

57.0 

34 

T1 

43.0 

14(2) 

29 

IVA 

C 

171 

143 

28 

Si 

104 

74 

30 

Ca 

90.0 

66.5 

24 

SB 

72.0 

46 

26 

Pb 

46.8 

23 

24 

VA 

Ab 

69 

■3011 

•22 

Sb 

C3 

•6 

B1 

48 

HliSHHI 

2 

TraoBltioB 

N1 

101.3 

57(^1)  > 

44 

*Valiwa  from  fWf«r«nc9  4. 

**Valu«a  fro*  Rafaraao*  1  ubIms  otharwis*  lotad. 


Accordingly,  we  are  attempting  to  identify  the  dimers  of  the 
transition  elements  and  estimate  their  bond  energies  by  using  a  com¬ 
bination  of  Knudsen  equilibrium  effusion  techniques  with  mass  spectro- 
metric  analysis  at  high  temperatures.  In  this  paper,  the  first  of  a 
series,  the  results  for  titanium,  chromium,  and  manganese  are  des¬ 
cribed.  Although  no  diatomic  molecules  of  these  elements  have  been 
found,  from  the  limits  of  detectability  of  our  instrumentation  ant 
statistical  thermodynamics  it  is  possible  to  establish  their  maximu... 
dissociation  energies. 

EXPERIMENTAL 

The  measurements  were  obtained  with  a  time  of  flight  mass 
spectrometer.  Figure  2  is  a  schematic  representation  of  the  effusion 
cell  and  high  ^6.100:  atu;’e  source  assembly.  The  effusion  cell  was  a 
tantalum  crucible  contalnln^^  a  thoria  liner  in  which  the  metal  sample 
was  placed.  This  liner  was  used  because  of  its  relative  chemical 
stability  toward  the  metals  under  investigation.  Both  the  tantalum 
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crucible  and  the  thoria  liner  had  1  nn  holes  in  their  corera.  The 
holes  were  designed  in  such  manner  (c,  Figure  2)  that  the  perimeter  of 
the  hole  was  effectively  of  zero  thickness.  The  crucible  was  heated 
by  electron  bombardment.  Two  8-mil  tuz}gaten  filaments  were  used  for 
this  purpose,  each  forming  a  semicircle  on  the  side  of  the  crucible 
opposite  that  on  which  the  optical  pyrometer  was  sighted  in  order  to 
minimize  reflection  of  light  into  the  pyrometer.  One  filament  was 
placed  in  the  upper  half  of  the  crucible  (above  the  cover  Junction) 
and  the  other  filament  in  the  lower  half.  The  filaments  were  main¬ 
tained  at  a  fixed  desired  level  of  about  600  to  3000  volts  negative 
with  respect  to  the  crucible,  and  the  electron  emission  from  each 
filament  could  be  varied  independently  by  varying  the  current  through 
each  filament. 

Ten^erature  measurements  were  made  by  sighting  an  optical 
pyrometer  alternately  on  two  blackbody  holes  (1  mm  diameter  by  3  ram 
depth)  located  on  the  upper  and  lower  halves  of  the  crucible.  Light 
from  the  blackbody  holes  passed  through  a  plane  Pyrex  sighting  window 
prior  to  impinging  on  the  optical  pyrometer.  Temperature  corrections 
for  the  window  were  made  by  prior  calibration  against  a  Bureau  of 
Standards  calibrated  lamp  with  and  without  the  window  in  the  path  of 
the  light.  The  correction  increases  with  tenqperature,  being  about 
♦  20*K  at  2000*K  and  *  30*K  at  2500*K.  The  window  was  provided  with  a 
magnetically  operated  shutter  so  that  tl»  corrections  did  not  vary 
during  a  run  as  a  result  of  deposition  of  material  from  the  hot  sur¬ 
faces.  It  was  found  experimentally  that  by  using  two  filaments  (upper 
and  lower)  it  was  possible  to  adjust  the  current  in  each  filament  so 
that  the  temperatures  of  the  upper  and  lower  blackbody  holes  wore  as 
close  as  desired.  By  making  the  upper  and  lower  blackbody  hole  tem¬ 
peratures  the  same,  temperature  gradients  in  the  crucible  wore  mini¬ 
mized.  The  temperatures  recorded  are  the  mean  of  the  upper  and  lower 
holes.  A  maximum  difference  of  0.0%  of  the  temperature  (•K)  was  con¬ 
sidered  acceptable  but  in  most  cases  the  temperatures  of  the  holes 
were  as  close  as  could  be  read  on  the  pyrometer  (±  3*  at  BDOO^K). 

The  ratio  of  surface  area  of  the  metal  sample  to  that  of  the 
effusion  cell  hole  was  kept  high  (approximately  100)  in  order  to 
establish  equilibrium  within  the  crucible.  Unless  the  value  of  the 
sticking  coefficient  (fraction  of  molecules  or  atoms  that  strike  and 
stick  to  the  metal  surface)  is  exceptionally  low,  equilibrium  will  be 
attained  in  the  crucible. 

Molecules  effusing  from  the  cell  hole  pass  through  the  l-nrni 
water  Jacket  slit  (a,  Figure  2)  and  beam-defining  source  slit  (b. 

Figure  2)  and  then  through  the  electron  beam  of  the  mass  spectrometer. 
The  intensity  or  ion  current  of  the  particular  species  under  investiga¬ 
tion  of  the  ions  thus  formed  is  recorded  by  means  of  standard 
techniques. 


To  insure  that  the  ion  current  for  a  particular  mass  origi¬ 
nated  in  the  crucible,  the  crucible  was  moved  by  means  of  a  brass 
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ballom-nioroneter  •rrandeneat  so  that  the  stoleoular  beam  no  longer 
iBt>lnged  on  the  mass  speotromter  electron  beam.  The  heating  filament 
posts  and  filament  move  with  the  crucible  so  that  little  temperature 
perturbation  of  the  crucible  occurs  d\iring  the  motion.  The  ion  cur¬ 
rent  resulting  from  a  particular  species  originating  from  the  crucible 
is  then  determined  from  the  difference  of  the  ion  currents  when  the 
beam  is  in  the  ON  position  (crucible  centered)  snd  in  the  OFF  position. 
Temperatures  were  read  simultaneoualy  on  the  optical  pyrometer.  The 
fact  that  a  lateral  displacement  of  the  crucible  of  approximately  1  nn 
decreases  the  ion  current  intensity  to  sero  shows  that  the  species 
under  investigation  actually  originate  from  effusion  through  the  l-mm 
crucible  hole. 


The  pressure  in  the  volume  surrounding  the  crucible  is  main¬ 
tained  between  10**  to  10*^  mn  of  Hg.  This  insures  that  the  molecules 
in  the  molecular  beam  suffer  no  deactivating  collisions  and  allows,  as 
described  under  ’’Calculation*',  for  the  estimation  of  partial  pressures 
of  the  species  under  study  from  their  recorded  ion  currents. 


As  a  check  on  the  apparatus  the  existence  of  Ag2  was  con¬ 
firmed  and  its  dissociation  energy  determined.  A  value  of  D(Ag-Ag}  of 
37  1  4  kcal/mol  was  obtained,  which  is  in  agreement  with  that  of  the 
literature, 


CAiLCOLATlON 


The  molar  free  energy  of  an  n  atomic  molecule  in  terms  of 
its  partial  pressure  and  partition  junction  is  given  by^*^ 

F^  •  -RT  In  Q.kT  ♦  PT  In  P,  ♦  H®  (l) 


where  H®  is  the  heat  content  of  at  absolute  zero.  The  dissociation 
energy  D®  (D|  ■  2  H®  -  Hj)  of  the  diatomic  molecule  at  absolute  zero 
may  be  obtained  by  equating  twice  the  molar  free  energy  of  the  monomer 
to  the  molar  free  energy  of  the  dimer.  The  result  is  in  kcal/mol 


1 


2.303  HT 


-log  Pj^logfPj/Pjl^log 


j9/2  1^1/2  gl 

V  ♦2.0247 


(2) 


where  P  the  pressure  is  in  millimeters  of  Hg^,  and 

Pj,  Pj  ■  pressure  of  dimer,  monomer  in  Knudsen  cell 

M  ■  mass  of  monomer  in  atomic  mass  units 

r  •  interatomic  distance  of  dimer  in  angstroms 

®2»  "  electronic  partition  function  of  dimer,  monomer 

V  ■  vibrational  partition  function  of  dimer  ■ jl  ”  exp 

T  ■  temperature,  “K  in  Knudsen  cell 

ct>  ■  vibrational  frequency  in  wave  numbers  (cra*^) 


-1 
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The  partial  preaaure  of  the  mon<»»re  la  taken  from  the  data  of  Stull 
and  Sinke.  The  ratio  of  preaaurea  P|/Pi»  provided  the  moleculea  in 
the  beam  suffer  no  deactivating  oolliaiona,  may  be  obtained  from  the 
known  relationship  between  preaaure  in  the  Knudsen  cell  and  ion  inten¬ 
sity  in  the  mass  spectrometer***  and  is  Pj/Pi  “ 

where  It/I?  is  the  ratio  of  ion  intensity  of  dimer  to  monomer  in  the 
mass  spectrometer,  the  ratio  of  ionisation  cross  sections,  and 

yj/y,  the  ratio  of  multiplier  detection  efficiencies.  Por  a  isono- 
isotopic  element  the  ion  intensity  ratio  is  directly  measured  from  the 
observed  ion  currents  of  the  dimer  and  monomer.  Otherwise  the  ratio 
is  calculated  from  the  ion  currents  of  a  particular  monomer  and  dimer 
mass,  determined  mass  spectromstrically,  using  the  known  isotopic 
abundances  and  the  fact  that  the  mass  distribution  of  the  dimer  is 
random.  Although  Otvos  and  Stevenson’s**®*  theoretical  estimate  of 
a./o-.  is  0.&,  experiments  indicate  that  the  ratio  is  expected  to  be 
between  l  and  0.5*®*  and  the  ratio  y^lyi  raries  between  1  and  the 
/z.  *®*  Accordingly,  a  value  of  unity  is  chosen  for  the  product  ratio 
and  P./Pi  is  taken  equal  to  the  aith  an  estimated  uncertainty  of 

a  factor  of  2.  This  leads  to  an  error  in  Df  of  3.S  koal  at  2400*K  and 
1.7  koal  at  1200*K.  The  maximum  ion  intensity  ratio  is  estimated  from 
(.•la  limits  of  detectability  of  the  dimer  (i.e.,  from  the  noise  level 
of  .he  recorder,  the  minimum  signal  that  can  be  ascertained  is  deter¬ 
mined  at  the  mass  position  of  the  dimer)  and  the  observed  intensity  of 
the  atomic  specie.  The  electronic  partition  function  of  the  latter  is 
calculated  from  the  known  atomic  energy  levels.  ****  The  molecular 
constants,  vibrational  and  electronic  partition  functions,  as  well  as 
the  interatomic  spacing  for  the  ground  state,  must  be  estimated  since 
the  molecular  Ti,,  Cr,,  and  lln^  are  unknown.  Interatomic  distances  in 
diatomic  molecules  do  not  differ  much  from  crystal  spaoings  of  the 
corresponding  element  and  Pauling's ****  estimates  of  single  covalent 
radii  are  for  known  molecules  good  to  a  few  percent.  In  any 
ease  the  error  arising  from  this  soxirce  is  not  expected  to  be  more 
than  0.5  kcal  and  thus  is  negligible.  Vibrational  frequencies  were 
taken  as  1.25  times  the  Debye  frequency  of  the  corresponding  metal 
crystal.  A  comparison  of  Debye  frequencies  and  known  symmetric  dia¬ 
tomic  molecule  frequencies  showed  t^t  the  factor  1.25  gives  somewhat 
better  correlation  than  a  previous  assuoqition  of  approximate  equality 
of  these  two  frequencies.  ****  frequencies  calculated  by  Badger's 
rule****  are  within  25^  of  the  Debye  calculated  values.  An  uncertainty 
of  in  the  estimated  frequencies  corresponds  to  an  uncertainty  in 
the  dissociation  energy  of  approximately  1  kcal. 

An  inspection  of  Equation  2  shows  that  the  maximum  calculated 
dissociation  energy  occurs  if  the  diatomic  molecule  is  in  *£  state.**** 
Provided  that  there  are  no  low-lying  electronic  molecular  states  that 
contribute  to  the  partition  function*  the  lowest  maximum  dissociation 
energy  that  can  be  calculated  involves  a  molecular  state  of  A  >  0 


*It  is  expected  that  degenerate  and  closely  lying  atcmiic  levels  will 
be  widely  separated  because  of  the  large  electric  field  at  small 
internuclear  distances. 
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(ttiltiplioity  of  8}  and  HAxinim  spin.  The  meziinun  spin  oooure  when 
one  electron  from  each  at<NB  ie  paired  in  a  single  bond  and  the  remain¬ 
ing  eleotrone  fill  the  d  shells  of  each  atom  in  the  molecule  according 
to  Bund's  rule.  Higher  spins  are  possible  if  promoted  electrons  in 
the  4p  or  4d  shell  exist  in  an  unpaired  manner  but  such  states  are 
considered  improbable.  According  to  these  considerations,  the  electron 
configuration  of  the  d  shell  of  each  atom  (nonbonded  part)  is  3d*,  3d*, 
and  3d*  for  Ti,  Cr,  and  Mn  respeotively  and  the  corresponding  molec¬ 
ular  states  of  maxifflUffl  multiplicity  are  and  *A  (A  >  0). 

RESULTS  AND  DISCUSSION 

The  upper  limits  to  the  dissociation  energy  for  both  and 
the  maximum  multiplicity  molecular  states  are  given  in  Table  II  along 
with  the  data  and  molecular  constants  used  in  their  computation.  The 
position  of  these  transition  dimers  in  the  fourth  period  based  on  a 
state  is  also  shown  in  Figure  1.  It  is  perhaps  improbable  that  the 
ground  state  of  molecules  of  this  type  would  be  singlets  end  a  maximum 
value  between  those  given  for  both  limits  is  to  be  preferred.  An 
upper  limit  of  40  kcal  for  dissociation  energy  of  chromium  baaed  on  *£ 
state  has  been  reported  previously.  ***' 

Reference  to  Table  I  shows  that  the  difference  between  the 
heat  of  subliation  and  dissociation  energy  AHr  is  almost  constant  for 
many  of  the  main  and  subgroups  of  the  periodic  table.  The  average 
differences  for  the  various  groups  are:  lA,  10;  IB,  35;  HE  (excluding 
mercury),  26;  IIIA  (excluding  boron),  33;  and  IVA,  26.  It  is  also  to 
be  noted  that  the  AHr  for  most  of  the  elements  in  Table  I,  except  for 
the  alkalis  and  boron,  is  between  25  and  40  kcal/mol,  while  the  cor¬ 
responding  values  for  Ti,  Cr,  and  Un  are  much  higher,  being  greater 
than  66,  51,  and  45,  respectively.  Work  currently  being  done  in  this 
laboratory^* indicates  that  the  dissociation  energy  (calculated  accord¬ 
ing  to  Equation  2  and  assuming  a  molecular  ground  state)  of  Nij  is 
57  kcal/mol  yielding  a  AHr  of  42  kcal/mol.  The  larger  difference  for 
these  transition  elements  results  from  the  relatively  high  stability 
of  the  transition  element  solids  (large  heats  of  sublimation). 


TABLE  II 

Dissociation  Energies,  Data  and  Molecular  Constants 
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Verhaegen  «t  have  shown  that  a,  tha  ratio  of  the  heat 

of  sublimation  to  the  dissociation  energy,  H  /D?,  falls  into  three 
categories:  Category  1,  0i5  <  a  s  1<0  consisting  of  the  elements  of 

group  VA  (s*p*  outer  electron  configuration),  VIA  {8*p*)*and  VIIA 
{8*p*);  Category  2,  1.2  ?  a  «  2  consisting  of  elements  in  groups  lA 

(sM,  IB  (d^%Mf  IIIA  (8*p*,  In  a  is  2.5,  T1  a  is  is),  and  IVA  {8»p*); 
Category  3,  a  %  s  consisting  of  elements  in  group  IIA  (s*)  and  IIB 
(d^®8*).  Category  1  consists  of  molecules  forming,  at  least  in  part, 
molecular  crystals,  and  category  3  consists  of  elements  which,  because 
of  the  8*  configuration  form  very  weak  diatomic  molecules  (either 
promotional  energy  is  required  to  form  a  binding  state  such  as  s^p*  or 
the  low  bond  energy  results  from  Van  der  Waal  forces).  Category  2 
consists  of  all  elements  forming  nonmolecular  crystals  and  having 
available  bonding  electrons  in  the  ground  state.  The  heat  of  sublima* 
tion  of  titanium,  chromium,  and  manganese  are  113.3,  95.5,  and  67 
kcal/mol,  respectively,  and  the  corresponding  minimum  a*e  are  1.93, 
2.2,  and  3. 2,  so  that  at  least  the  latter  two  elements  and  probably 
titanium  do  not  belong  to  Category  2.  Nickel,  although  a  transition 
element,  is  in  Category  2,  having  an  a  value  of  1.75. It  is  inter¬ 
esting  to  note  that  this  value  is  very  close  to  that  of  copper 
(o  -  1.78<*>). 


The  following  model  of  binding  qualitatively  explains  the 
limited  results  thus  far  obtained  for  the  dissociation  energies  of  the 
transition  element.  It  is  assumed  that  the  dimers  are  single  bonded 
and  that  bonding  arises  from  overlap  of  an  s  electron  from  each  atom. 
The  ground  state  electron  configuration  for  the  first  group  of  transi¬ 
tion  elements  is  3d***48*  (with  the  exception  of  chromium  which  is 
3d‘'^4s)  and  the  lowest  lying  state  above  the  ground  state  has  a  con¬ 
figuration  3d* *^48  from  which  bonding  is  assumed  to  arise.  States 
involving  the  configuration  3d*’^4s4p  are  of  much  higher  energy  than 
3d"*U8.  The  lowest  lying  level  for  the  oonfigui’ation  Sd^'Us  is, 
according  to  Hund*s  rule,  a  state  in  which  the  s  electron  is  aligned 
parallel  to  the  remaining  unpaired  electrons  in  the  d  shell.  Bonding 
theory shows  that  in  the  binding  state  (valence  state)  the  bonding 
electron  spin  must  be  random  with  respect  t.>  the  spins  of  the  remain¬ 
ing  electrons.  Thus  the  valence  state  is  a  state  consisting  of  part  s 
spin  parallel  to  remaining  spins  and  part  antiparallel,  the  parts 
being  weighted  in  such  manner  as  to  make  the  spin  of  the  bonding 
electron  random.  Moffet^^^^  has  shown  how  to  calculate  valence  states. 
In  the  case  of  the  configuration  3d*’^4s  the  result  is  particularly 
simple  since  in  altering  the  spin  of  the  s  electron  the  total  orbital 
momentum  number  L  does  not  chaiige  and  it  is  found  that  the  random 
state  is  simply  a  mixture  of  the  s  parallel  and  antiparallel  case 
weighted  according  to  their  spin  multiplicity.  As  an  exanq)le  the  case 
of  manganese  is  considered.  The  ground  state  configuration  is  SdHs* 
with  a  level  designation  *3.  The  promoted  configuration  is  3d*48,  the 
lowest  state  of  which  is  *D  (s  spin  parallel  to  remaining  spins)  and 
the  corresponding  higher  state  of  antiparallel  spin  is  The  energy 
of  the  valence  state  above  the  ground  state  is  then  3/5(E|  )*  2/s(E^  ) 
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where  E|n  end  X4Q  ere  the  energiee  of  these  states  above  the  ground 
state,  in  Table  III  the  ground  state,  the  promoted  states,  the 
Tslenoe  statee,  and  their  corresponding  energies  are  listed.  The 
values  are  taken  from  Moore's  Atomic  Energy  Levels,  The  disso¬ 

ciation  energy  is,  in  terms  of  the  valence  state  energy  , 

D|  ■  (Dj)^  ^  -2  E^  ,  where  (Dg),  is  the  dissociation  energy  of 
toe  dimer  io 'atoms  in  the  valence  state  (process  M|  ■  2M, , 

AB  •  (D|)y  ^  ).  It  should  be  noted  that  the  treatment  given  here  ie 
somewhat  similar  to  that  used  by  Griffith in  correlating  cohesive 
energies  of  transition  elements. 

The  dissociation  energy  to  atoms  in  the  valence  states  cor¬ 
responds  to  the  energy  to  break  an  s  bond.  Thus  nickel  with  a  valence 
state  energy  of  3  kcal/mol  atom  should  have  a  dissociation  energy  of 
only  6  kcal/mol  less  than  for  s  bonding,  while  the  manganese  dissocia¬ 
tion  energy  should  be  112  kcal  lower  than  for  s  bonding  (i.e.,  if  any 
bonding  for  manganese  exists  it  would,  according  to  these  assumptions, 
be  due  to  Van  der  Waal  forces).  The  maximum  dissociation  fouixl  for 
manganese  (12.0  to  21.0  kcal)  and  the  dissociation  energy  of  Ni  [57.0 
(^£),  or  50.0  (*A)]  are  in  agreement  with  predictions  from  this  model. 
The  nickel  values  correspond  to  an  s  bonding  energy  of  63  to  56 
kcal/mol  which  may  be  compared  to  the  dissociation  energies  of  the 
somewhat  similar  molecules  of  Cug,  Agg,  and  Auj  (atomic  stt "fts  3d^®4s, 
4di«4o,  and  5d*®4s;  E,^^^  •  0)  of  46,  38,  and  52  kcal/mol  respectively. 

T/.BLE  III 

Valence  State  Energies  for  Configuration 
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♦Spin  orbit  coupling  is  negligible  in  computing  valence  states.  The 
lowest  spin  orbit  term  J  was  taken  as  the  appropriate  energy.  Other 
choices  give  valence  state  energy  differences  which  are  insignificant. 
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From  th«  known  ditsooiation  enorglea  of  AuCr  (&0.4  koal/ 
mol****)  and  of  Au,  (51.5  kcal/raol),  it  la  poaaibla  to  maka  a  rough 
eatimate  of  the  dlaaooiatlon  energy  of  Crj  using  Pauling’a  relation¬ 
ship  between  electronegativity  X  and  dissociation  energies. 


D_  (AuCr)  •  1/2  [D,  (Cr,)-D(Au,) 1  ♦  23.06  IX,,,,(Cr) 

-  X{Au)l*  wMre  the  v. a.  subscript  refers  to  the  valance  state  (sub¬ 
scripts  for  Au  and  Au.  omitted  becauae  Au  valance  state  is  the  aame 


and  E  are  the  ionisation  potentials  and  electron  affinitisa  in  koal 
respectively.  The  electronegativity  values*  obtained  using  Moore’s 
Tables for  ionisation  potential  and  assuming  X,  ■  0*  are  X,^., 
(Cr)  >  1.12  and  X(Au)  •  1.63,  and  the  aatimated  dissociation  energy  of 
Cr.  is  D(Cr|)  •  37  koal.  This  is  in  agreement  with  our  maxianaa 
lue.  Chromium  bonding  energy  should  be  16  koal  (Table  III)  less 


va 


than  for  the  valence  state  bonding  energy  which  thus  corresponds  to 
33  koal/mol.  This  is  not  far  different  from  the  corresponding  d^'^s 
bonding  for  nickel  and  copper  of  approximately  30  koal,  and  points  to 
the  possibility  that  the  dimers  of  the  transition  element  may  have 
approximately  the  same  valence  state  bonding  energy.  It  is  evident 
that  the  remaining  Oroup  I  transition  elements  (Cu,  Fe,  and  V),  pro¬ 
vided  the  model  is  approximately  correct,  should  have  rather  low  dis¬ 
sociation  energies  and  thus  dimers  will  be  found  only  at  teiiq>e  rat  urea 
substantially  higher  than  used  in  the  present  work. 
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TBS  RBIATION  BfflWXBN  CLOUD  CHARGBB  PRECIPITATION 
AND  LIOffTNINO  DIBCHAROB 


BBBC  W.  XASSMIR 

U.  S.  ARMI  SIXCTRONICB  RIBIABCB  AND  ISVELOFICNT  lABORATOEUZS 
FORT  MONMOITTH^  NStf  JERSEY 


An  extnntlTe  thunders  torn  rsassreh  Is  earrlsd  out  bj 
nSAHLRDL  ss  "In<4Ioass  Labors tory  Director's  Progren"  nhioh,  in  coX- 
Isborstlon  with  "cloud  phjslcs  end  cloud  nodlflcstlon  experlnents", 
sins  to  correlste  the  aeteorologicsl  and  the  electrioel  features  of  a 
thunderstom  in  a  qualitatlTs  and  as  far  as  possible  quantltatlTe  way. 


To  obtain  an  adequate  seb  of  data  of  the  eleotrlc  condition 
of  an  individual  stoxv  from  a  ground  oetvorA^  the  following  idea  vaa 
pursued:  Tbs  electric  field  of  a  lightning  discharge^  which  is  eaally 
measured  at  the  ground,  will  reflect  the  stationary  field  of  the 
cloud  charges  inside  the  thunderstona*  Each  Uc^tning  flash  nay  be 
considered  as  a  probe  idilch  senses  the  stationiry  field  along  its 
patl..  Therefore  the  records  of  the  Ilghtnlnf  discharges  will  furnish 
a  series  of  flashlight  pictures  of  the  electric  condition  as  It 
develops  during  the  life  cycle  of  the  stozv. 

First  it  was  necessary  to  develop  a  theory,  which  links 
together  the  different  electric  paraasters  of  a  thunderstoxia  such  as 
precipitation  ebargs,  stationary  electric  fields,  and  lightning  dis¬ 
charges*  This  theory  serves  a  dual  purpose*  It  deteznines  the  physi¬ 
cal  quantities  to  be  recorded  and  hereby  helps  to  jilan  an  effective 
amasurlng  network,  and  it  shows  how  the  recorded  data  shall  be  evalu¬ 
ated  to  obtain  basic  electric  quantities,  which  cannot  be  measured 
directly*  As  this  theory  deviates  from  and  in  some  respect  even  con¬ 
tradicts  the  present  ideas  of  the  mechanism  of  the  charge  generation 
in  the  thundercloud  and  the  lightning  discharge,  it  seems  wortinrtille 
to  fonsulate  and  discuss  it  as  a  separate  entity  even  though  the 
experimental  part  of  the  research  is  not  yet  completed. 

1.  CHAROB  DISTRIBiniON  IN  THE  THUNEBRCLOUD 

Investigations  of  the  electrification  of  precipitation 
started  as  early  as  l885.(l)  Since  then,  a  steady  stream  of  theories 
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(^9)  on  tiM  etaarge  gtmfttloo  in  thundtntonw  tm»  been  pre^osed  9d& 
dlaeuBted.  Kone  ot  thm  (ncplnliui  nil  of  tbo  dlffOront  oboervntlona 
on  tliundarstoani  eloetrleity;  and  objoctlona  bnvn  boon  xmloed  fron 
diffomt  polata  of  rl«v  nueb  «■  polarity,  etaargn-genomtlng  pomr, 
•fflclouey  of  llqiuld  m  noil  m  solid  prsoipitstion,  laboratory 
axperiasats,  and  aany  otbsro* 

Tbsre  is  ganaral  agrssnsnt  that  tbs  ttaundarstom  has  a 
positiTS  polarity,  aaaning  that  tbs  aaln  poeitivo  ohargs  is  located 
in  the  top  and  the  aaln  asgatirs  ebargs  in  tbs  bottoi  of  tbs  tbunder- 
eloud*  Delov  tbs  nsgatirs  ebargs  exists  a  sanller  poeltlve-ebargs 
pocket.  This  txipolar  ebargs  distribution  is  clearly  depicted  in 
tbe  tbunderstom  nodsl  of  Siapron  and  Robinson  (1)  (Fig.  la).  Other 
aodels  have  been  proposed  by  Sebonlsnd  (U),  ^iohasnn  (12),  and  Vonne- 
0it  (9),  as  shown  In  Figs,  lb,  e,  and  d,  respectiTsly.  Tbe  first 
three  aodels  (a,  b,  and  e)  axe  based  on  ebargs  separation  by  precipi¬ 
tation,  and  tbe  last  aodel,  d,  on  ebargs  separation  by  convective  air- 
ourrenta.  Tbe  positive  polarity  of  tbe  stem  is  eoaaon  to  all  of 
tbea,  but  they  differ  fron  each  otber  in  tbe  shape,  sixe,  and  arrsnge- 
asnt  of  the  Individual  ebargs  oenters. 

Tbe  aaount  of  ebargs  for  tbe  positive  and  negative  aaln 
charge  center  is  given  by  Riapson  and  Robinson  as  424  eoulohbs  and 
•20  couloeibs.  Sehonland  assuaes  the  values  of  ±40  eoulooibs.  'Rie 
author  (13)  calculated  a  positive  charge  of  4^0  eoulosibs  and  a  nega¬ 
tive  charge  of  -340  eouloabs  for  the  aaln  charge  centers. 

The  striking  difference  between  these  values  results  from 
the  fact  that  Slapson  and  Robinson  as  well  as  Sehonland  calculated 
tbe  cloud  chargee  fron  aeeeursd  field  data  according  to  the  eleetro- 
stetie  theory,  while  the  author  baeed  his  calcxilatlon  on  the  theory 
of  current  flow.  This  introduced  the  conductivity  X  of  the  cloud  and 
the  surrounding  air  as  a  deciding  factor  in  the  tbunderstom  theory, 
aade  it  possible  to  coonect  the  clorid  charge  Q  end  the  conduction  cur¬ 
rent  I  throu^  the  sinple  relationship  Q  «  4  l  with  each  other  (c  is 

the  dielectric  eonstent)  and,  as  Tanura  (20)  has  shown,  explains  the 
■ystezy  of  the  recovery  curve.  (The  recovery  curve  is  tbe  rapid 
regeneration  of  the  electric  field  after  a  lightning  flash  to  its  pre¬ 
flash  value.)  The  larger  enount  of  the  negative  cloud  charge  oakes 
it  easier  to  understand  that  a  tbunderstom  is  able  to  produce  light¬ 
ning  dlscbargss  which  destroy  each  20  eouloed)  of  tbe  cloud  charge 
every  20  seconds  on  tbe  average  without  exhaxastliig  Itself. 

2.  THE  CLOUD  DISCHARCB 

If  the  charge  aecunulation  in  the  thundercloud  reaches  such 
a  value  that  tha  generated  electric  field  exceeds  the  breakdown  value, 
a  lightning  discharge  vlU  occur.  It  is  not  necessary  that  the  break¬ 
down  value  of  the  field  extends  over  the  entire  distance  of  the  flash. 
It  iB  sufficient  when  this  valvie  is  surpassed  in  a  bomlII  area,  idilch 
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ve  aiy  e«U.  tb*  ■tartinc  point  of  tbo  flash.  This  and  othar  faaturao 
of  the  iitfitning  dlsoharga  oan  be  easily  deduced  fra  Figs.  2a«  b> 
and  0.  In  the  thundexetoiu  iMdel  (Pig*  2a)^  two  equally  large  spheres 
axe  placed  one  above  the  other.  The  upper  sphere  Is  filled  vlth  posi¬ 
tive  charge  and  the  lover  sphere  vlth  negative  charge  of  the  sane 
aaount  and  of  constant  density.  Figure  2b  shoes  a  graph  of  the 
I  potential  function  0  (solid  line)  thxou^  the  center  of  the  nodel 

*  against  altitude  h.  The  field  F  >  -d^/  Is  represented  by  the  dashed 

line.  The  laavlwwi  field  strength  F*.—  Is  at  the  aldpolnt  between  the 
I  spheres*  This  will  be  the  starting  point  of  the  flash*  Near  the  cen¬ 

ter  points  of  the  spheres,  the  field  strength  F  passes  thxou^  the 
value  zero  (narked  f  «  0  in  Fig*  2b}  and  reverses  Its  sign  on  the  vsy 
further  xip  or  down,  k  lightning  flash,  which  starts  at  Fi*^v  and  grows 
upwards  and  downwards,  will  find  an  adverse  field  for  further  growth 
after  passing  thxou£^  the  centers  of  the  space  charges.  The  31|^tning 
will  stop  growing  ^idien  the  field  strength  at  Its  tips  no  longer 
exceeds  the  breakdown  value  Pb«  Ihe  oorrespondlng  potential  value  of 
^  (Fig*  2b),  defined  as  the  difference  between  the  lightning  poten¬ 
tial  and  that  of  the  potential  function  0  at  the  location  of  the 
lightning  tips,  la  given  by  the  appxoxiaate  fonaila  (l4) 

0b  -  2.5  n  .  Fb*  (1) 

An  Inqportant  conclusion  can  be  drawn  frcat  Figs*  2a  and  b* 

The  Ui^btnlng  flash,  represerted  by  the  heavy  vertleal  line  in  Fig*  2b, 
will  never  reach  the  ground.  The  field  strength  at  the  tip  will  be 
less  than  the  breakdown  value  when  the  tip  reaches  the  base  of  the 
cloud.  The  ’n^’fcning  will  renaln  a  cloud  discharge.  A  ground  dis¬ 
charge  cannot  be  generated  by  a  charge  distribution  such  as  given  In 
Fig*  2a.  To  produce  ground  discharges,  the  lower  positive  space  charge 
has  to  be  present,  as  will  be  shown  later.  Therefore,  If  thunder* 
stoms  are  recorded  which  produce  only  cloud  dischargee,  a  charge  dis¬ 
tribution  In  the  cloud  es  given  In  Fig*  2a  can  be  assuned* 

The  fthanaai  can  bt  considered  as  a  conducting  rod 

•xgommd  to  the  electric  field  generated  by  the  cloud  ohergss*  There¬ 
fore,  Influence  ehargss  axe  Induced  In  the  \ipper  and  lower  ends  of  the 
j  channel  of  opposite  polarity  to  the  cloud  charges.  This  would  be  fmt 

a  cloud  flash  negative  Influence  charge  at  Its  upper  and,  and  poaltlve 
at  Its  lower  end.  The  net  charge  of  a  cloud  flash  Is  zero  and  Ita 
polarity  Is  negative. 

The  cheurge  per  unit  length  q  on  the  lightning  channel  is 
shown  In  Fig.  2c  (dashed  line).  It  is  the  mirror  ijzage  of  the  poten¬ 
tial  function  0  with  regard  to  a  vertical  line  representing  the 
I  lightning  channel.  An  approximate  foxmila  (14)  connecting  q  end  0 

j  Is  given  by 
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q  -  -c  (2) 

Him  proportloDalltgr  faetor  o  oan  bo  latorprotod  oa  tbo  oopoelty  por 
unit  longtli  of  tho  ll^tning  etaooBOl.  Xt  boo  tho  oppradaoto  yoXuo 

of  25  X  10-12  r/m  (14). 

It  ooy  bo  ooztlwlillo  to  point  out  oona  dlfforoneoa  botooon 
tho  cmarwily  nood  eonoopt  of  tho  lli^tning  dlochorgt  and  that  dovolqpod 
hart.  In  otnoral^  It  la  aaauaod  that  tha  Ui^atnlng  flaah  ataria  la 
tho  oontar  of,  aagr,  tho  nopatlYo  apooo  oharc**  by  the  drrelojamxt  of 
a  larva  network  of  fine  atrooBora^  tha  lightning  ooUaeta  the  cloud 
dlaohargM  and  tranaporta  than  aloag  Ita  ohannal,  either  to  tho  ground 
(ground  dlaoharga)  or  to  another  apoeo-oharge  oontor  of  oppoolta 
polarity  (oloud  dlaoharga).  The  lightning  atopa  If  tho  aupply  of  cloud 
charge  la  oxhauatod.  After  tho  completion  of  the  flaah^  tho  cloud,  aa 
Will  aa  the  lightning  channel  Itaelf ,  la  dlaoharged. 

In  tho  OQooopt  propoaed  hero,  the  lightning  atarta  between 
two  charge  oontoxa,  idioro  tho  oXectrlo  field  haa  a  oaxlMMi  walno. 

(in  tho  center  of  the  apace  charge,  tho  field  would  l>e  apprmrfaately 
aero.)  The  dlxootloo  of  charnel  growth  la  up  aa  well  aa  down  msdor 
tho  Influence  of  the  field*  The  lightning  doea  not  coUoct  oloud 
chargea,  and  therefore  It  la  not  neoeaaaxy  to  Introduce  a  hypothetical 
network  of  fine  atreaaera*  There  la  only  a  aeparatlon  of  Iona  and 
electrona  In  tho  highly  loolaod  lightning  channel  Itaolf  to  build  iq> 
the  nooeasary  Influence  chargee*  The  concept  la  that  of  an  uncharged 
conducting  rod  empoaed  to  en  eloetrle  field*  The  lightning  flaah 
atopa,  not  because  the  cloud  chargee  are  exhausted,  but  becauae  the 
field  strength  at  Ita  tips  doea  not  exceed  the  breekdown  value*  After 
the  llg^Ktnlng  atopa,  the  Ug^itning  channel  la  filled  with  Influence 
chargee*  jBach  half  of  the  channel  oarrlee  Influence  charges  of  e^ppo- 
alte  polart*^  to  the  aurroundlng  oloud  oharges*  The  net  oherge  of  the 
whole  channel  la  aero*  After  the  cloud  fleah  la  coBgloted,  a  alow 
neutralization  prooesa  beglna  between  the  Influence  chargee  of  the 
Ugh-fcw-ing  whiMM*!  and  the  aurroundlng  oloud  charge  of  opposite  polari¬ 
ty*  Only  this  prooeaa  ahould  rightly  be  called  the  dlaeherge  of  the 
cloud  by  the  Ug^xtnlng* 

3*  THE  (BOUND  DIBCWRCS 

If  we  add  tha  lower  poeltlve  charge  pocket  to  the  positive 
and  nei!:vtlve  aaln  charge  conters,  v«  obtain  the  charge  distribution  of 
the  SlqpaoQ-Roblnaon  tliundereton  aodel*  This  la  shown  In  Fig*  3a, 
side  by  side  with  tha  corresponding  potential  function  ^  In  Fig*  5^* 

We  see  that  two  areas  with  strong  aleotrle  flalda  exist,  enrked  sc  and 
Bg  In  Fig*  2b*  The  upper  one,  ac,  la  the  starting  point  for  cloud 
discharges,  and  eorraapooda  to  tha  point  F-,*>  In  Fig.  2b*  The  lower 
one,  eg,  la  due  to  the  praeenoe  of  the  positive  pocket  charge  end  Is 
the  starting  point  for  ground  discharges  *  m  a  alallar  wanner  aa  the 
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cloud  flosli,  the  ground  fluh  grows  from  its  starting  point  to  tiotb 
sides  until  its  lower  and  raaebos  tbs  ground*  !nils  will  bajqpan  only 
If  tba  field  strength  F|g  at  the  lower  tip  resialns  greater  than  or 
equal  to  the  breakdown  field,  or  ^  -  (in  is  alvaya  greater  than  ^ 

(see  Pig*  5b),  vbexe  ^  IpotMtial  of  the  lightning  channel, 
and  0-  the  potential  of  the  ground*  If  the  breakdown  field  could  not 
be  maintained  on  the  downward  travel  of  the  lower  tip,  the  lightning 
would  stop  growing  and  end  up  as  an  air  discharge*  Tte  equation 

^  .  jij,  «  (ib  -  2»5  »  Fb  -  -  7*5  X  106  v/n  (3) 

gives  the  njnlmim  potential  difference  against  ground,  which  the 
leader  stroke  of  a  ground  flash  oust  have  to  reach  the  ground*  In 
8q*  3  is  set  (^■0:Pb«-3x  10^  v/n* 

It  is  easy  now  xo  ^"**g*f*^  the  conditions  for  the  charge 
distribution  of  a  thunderstorm  that  produces  prsdonlnantly  ground  dis¬ 
charges  end  few  or  no  cloud  discherges.  They  are  as  follows;  1)  The 
upper  poaitive  charge  canter  should  be  weak,  2)  the  lower  negstive 
charge  center  should  be  strong,  end  3)  the  lower  positive  pocket 
charge  should  exist*  Figure  3c  shows  the  potential  function  of  such 
a  charge  distribution* 

If  the  lower  end  of  the  llghxnlng  channel  touches  tba 
ground,  the  Ui^rtnlng  will  assume  ground  potential  ^q*  This  is  aecoa^ 
plishad  during  tha  p^s  ot  the  main,  or  return,  stroke*  With  respect 
to  the  h  -  0  graph  in  Fig*  3^,  it  means  that  the  ll^tnlng  channel 
(heavy  vertical  line)  shlits  to  the  ri^t  from  the  ^  to  the  ^  value* 
The  new  position  end  the  new  charge  distribution  (broken  line;  are 
shown  In  Fig*  3d*  We  sec  that  after  the  coopletlon  of  the  main  stroke 
the  lightning  channel  carries,  on  its  upper  part,  a  large  amount  of 
positive  Inflvience  charge,  and  on  its  lower  part  a  smaller  amount  of 
negative  influence  charge*  The  net  charge  on  the  channel  is  no  longer 
zero,  but  positive •  This  means  that  during  the  main  stroke  the  chan¬ 
nel  bas  acquired  positive  charge  from  the  ground  or  that  negative 
charge  has  been  conducted  into  the  ground*  The  amount  of  this  charge 
^  is  represented  in  Fig*  3d  by  the  rectangular  hatched  area*  It  een 
be  easily  calculated  from  the  eapael'^  e  of  the  channel  end  the 
potential  difference  ^  0o  before  and  after  the  main  stroke* 

^  -  c  (j<i  -  (*♦) 

If  we  assume  that  the  length  of  the  channel  is  k  km,  that 
ths  capacity  per  unit  length  has  the  previoua  value  of  2^  x  10*12 
^  *  0b  ^^l^Tl^n■nll  value  of  -  7*5  x  10^  V,  we  obtain  for 

^arge  brouc^t  to  earth  by  the  first  main  stroke  ■  -0*75 
coulonib.  This  value  may  have  to  be  doubled  or  tripled  according  to 
the  nuniber  of  branches  of  the  considered  lightning  flesh,  as  each 
branch  would  increase  the  capacity*  But  even  so,  the  value  of  Unjp 
has  the  rl^t  order  of  magnitude,  as  compered  to  measured  data  avail- 
able  in  the  literature*  This  is  a  remarkable  result  insofar  as 
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iM  bwcd  only  on  tho  vnluo  of  tho  brankdown  flold  strongth  at 
tlio  ground  and  tba  langth  of  the  lightning  channel^  but  doee  not 
Ijqpljr  any  data  from  the  thunderetorm*  For  euooeeelve  naln  etrokee  la 
a  aailtlple  flaeh,  the  value  of  Qm4^  uould,  in  general^  be  lower 
beoauee  the  breakdown  field  la  the  pre-lonleed  channel  la  lower^  and 
only  the  length  added  to  the  channel  by  the  eooaldered  naltlple  etroke 
hae  to  be  taken  Into  account* 

Each  eucoeeelve  leader  aaln  etroke  ae<]]uenoe  will  extend  the 
channel  hi^r  up  or  eldewaye  Into  the  cloud  until  the  whole  negative 
charged  area  of  the  cloud  la  penetrated  by  the  flaeh*  Therefore^ 
ground  dlechargee  with  a  large  nMUdber  of  sultiple  etrokee  Indicate  a 
large  area  of  the  negative  cloud  charge*  Flaehee  with  one  oaln  etroke 
indicate  a  enaH  region  of  the  negative  charge  center.  It  la  Inter- 
eetlng  to  review  the  different  thunderetorm  aodale  In  Fig*  1  from  thle 
point  of  view*  Schonlend*e  end  Vonnegut*a  nodele,  Fig*  lb  end  d,  are 
ept  to  give  hlf^i-order  xultlple  etrokee*  SiJi^on-Robineoo'e  and  Wlch* 
aann*B  models  Fig*  la  and  o,  will  gmoerate  ground  flaehea  with  only 
one  or  a  low-order  of  multiple  etrokee* 

4*  REUTION  BffZMKKN  FROSBEtTlES  OF  TBS  ILKOTRIC  FIELD  CP  A  LIcanONO 
DISCBEROB  AUD  THUNEBRSTORM  FUyUClBRB 

Ihe  large  nunher  of  charge-generating  thaorlee  and  the 
failure  to  explain  ell  the  electrical  features  of  different  types  of 
thunderstone  by  ooo  of  them  euggaet  the  idea  that  several  kinds  of 
charging  aechanlem  are  at  work  in  different  parte  of  the  thuoderetoxm* 
K)uttner(l5)  observed  on  the  aountcdn  observatory  at  the  Eugepltee 
that  strong  electric  fields  are  always  aseoolated  with  graupel  preci¬ 
pitation*  This  correlation  wee  so  pronounced  that  it  led  him  to  the 
Introduction  of  the  greupel  dipole,  with  a  nagative  polarity,  idilch 
produces  part  of  the  negative  cloud  charge  end  the  positive  space 
charge  pocket  at  the  base  of  the  cloud*  Kuttner  attributed  the  upper 
positive  charge  and  the  other  part  of  the  negative  ehexge  in  the  hi|^r 
level  of  the  cloud  to  the  enow  dipole* 

The  author  (13)  pointed  out  that  it  is  doubtful  that  any  of 
the  three  cloud  (barges  can  be  identified  with  the  charge  riding  on 
the  precipitation  particles*  The  precipitation  eharge  lacks  the 
ebiUty  to  accumulate  end  concentrate  in  a  certain  cloud  volume*  Ha 
cloud  chargee  can  be  better  interpreted  ee  the  ohergee  left  behind, 
while  the  precipitation  carries  away  the  charge  of  oppoeite  ei^* 

Thle  leads  to  the  ooncluelon  that  either  two  sl0i  revereale  in  the 
precipitation-charging  mechanism  ere  required  to  ecoount  for  a  trl- 
polar  thundercloud  or  that  at  least  two,  if  not  three,  different 
charge  mechanieme  are  present  which  may  work  on  different  precipita¬ 
tion  particles.  The  second  alternative  would  then  agree  with  Kuttner* e 
•now  and  graupel  dipole*  With  reepect  to  the  lltfitnlng  discharge,  thle 
would  mean  that  the  nuaiber  of  cloud  dlechargee  reflect  the  efficiency 
of  the  charging  meohaniam  in  the  upper  part,  and  the  number  of  ground 
dlechargee  the  effioienoy  of  the  charging  mechanism  in  the  lower  part 
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of  th*  eloud.  A  rMord  of  tha  poljuritar  of  tho  flMhM  at  tha 
ground  (nagatlTa  for  oXoud  and  poaitiva  for  ground  dlaohargaa)  aould 
glva  an  aaay  naana  to  foliov  tha  daralop—rt  of  tha  raopaetira  ebarga 
eantara  and  thalr  oozraapoadlng  praolpltatlon  partlelaa  during  tba 
Ufa  lilatoxy  of  tba  atom* 

With  tha  Btrong  tla  hatuaan  tha  lowar  poaltlTa  spaoa  oharga 
poekat  and  ground  dlnehargaa,  tha  foLLowlag  raJatlon  naar  ha  atatod 
aa  a  aorklng  kgrpothaala.  Thundaratoma  with  ground  dlanhargaa  oen- 
ta^ii  praelpitatlon  In  tha  fom  of  gVMqpalj  thoaa  without  ground  dln- 
ehargaa  do  not*  Xt  la  not  naoaaaary  that  tha  graupal  paUnt  raaahaa 
tha  ground  atlU  aa  graupalj  It  nay  ha  aaltad  to  a  xalndrop  on  tha 
way  down*  But  ita  aodatanoa  at  tha  haaa  of  tha  eloud  in  ragiulrad. 

Aa  ahown  aarllar«  tha  poaltlwa  polarity  of  tha  ground  din- 
oharga  and  tha  nagatlwa  polarity  of  tha  cloud  dlaoharga  foliov  fron 
tha  poaltlwa  polarity  of  tha  thundareloud  ehargaa*  Faleonar  and 
Sehaafar  (l6)  and  Voonagut  and  Moora  (I7)  raport  naaiuranaBt  of 
strong  nagatlwa  alaotrle  flalda.  Indicating  a  aagatlwa  oharga  owar- 
haad,  fron  tha  elrxua  daek  aeeoupanylng  tha  Woreaatar  tornado.  If 
this  Ijqpliaa  that  a  tornado  la  toppad  with  a  nagatlwa  ehargad  anwll 
abova  tha  \q>par  poaltlwa  oharga  oantar,  cloud  flaahaa  with  poaltlwa 
aa  wall  aa  nagatlwa  polarity  would  ha  produead.  Thla  would  aaha  a 
tornado  easily  Idantlflahle  fron  tha  polarity  raoordn  of  lightning 
flashes  alone* 

A  eharaotarlatlc  featxire  for  tha  aetlwlty  of  a  thundaxatom 
would  ha  tha  nuaibar  of  lightning  dlachargea  produoad  In  •  glwan  tine 
Intaxwal*  Brook  and  Kitagawa  (18)  daflnad  aa  aetlwlty  Indaac  A  tha 
fra^uency  of  lightning  oocurranea  In  a  period  of  flwa  nlnutaa*  The 
tlaa  Interval  of  H^tnlng  dlaehargaa  In  weak,  Intaxuadlata^  and 
heavy  stoma  la  about  5  nlnutas,  30  aeoonda,  and  3  saeonda,  raapao- 
tlvaly*  An  aetlwlty  Index  of  10,  and  100  would  than  raault* 

One  could  develop  this  method  further  by  differentiating  between  the 
number  of  eloud  and  ground  flaahaa*  The  cloud  flash  Index  Aq  would 
than  Indicate  the  activity  of  the  upper  poaitlwe  charge  center,  and 
the  groiind  flash  index  Ag  that  of  tha  lowar  poaltlwa  eharga  oantar. 
Jonas  (19)  used  the  number  of  spbarlca  per  second  emitted  from  a 
tornado  for  his  tornado  Idantlf leation  and  warning  syatam*  Fron  his 
data  we  may  infer  that  a  tornado  produces  about  six  lightnings  per 
second*  Thla  would  result  In  a  tornado  activity  Index  of  I8OO* 

Rafarancaa 


1*  Elstar,  J.,  Qaltal,  H.:  "Uber  die  Elaktrlaltato-antwleklung  bal 
dar  Regenblldung,"  Ann*  Riya*  n»-  Cham*,  £5,  121-131f  1685* 

2*  Sohnka,  V,:  "Dar  Ur  sprung  dar  Qavlttar-alektrlaltat  und  dar 
gewohnllchan  Elaktrlsltat  dar  Atisoaphera,"  Ann,  d*  Ihya*,  26, 
1886.  - 


75 


KASBMIR 


3*  Ltaard^  P.:  "Ub«r  dl«  llsktrlsltat  ter  VMiterfaUt/”  Anp« 

d,  PlOT..  46,  964-636,  1692« 

4.  Sl^psoB,  0*  C*:  **00  tt»  Bltetrloity  of  Rain  and  Ita  Origin  In 

Ttauntemtozaa,”  Fhil.  Trana.  Roy.  3oc.»  A  209,  397-413,  1909* 

9*  VUaoo,  C*  T*  R.:  "Soaa  Tbuntereloud  Problana,"  P.  Franklin 

mat,  206,  1-12,  1929. 

6.  FixMlalaan,  W.:  "Ubar  dla  Bntatetaung  ter  Oavlttaralaktrlaltat,'' 
Mitaor.  Z..  210-219,  1940. 

7*  Frankal,  J.:  "Influanoa  of  Vatar  Qroipa  on  tha  Ionisation  and 
iXaetrlHoatlon  of  Air,”  J.  Rara..  itoaoov  10,  191-196,  1946. 

6.  ^^wrknan,  I.  J.,  Raynolda,  S.  S.:  "A  Sugicaatad  Naetaanlan  for  tha 
Qaaaratlon  of  Duinteraton  Slactzloltgr,'*  Fhya.  Bar..  ^4,  1946. 

9.  Vonnagut,  B.:  '’Poaalbla  MMhaniaa  for  tha  Fomatlon  of  Thuntex^ 
atom  Blaotrloltj,''  PToc.  Conf.  Atana.  Uao.,  199^,  Oaophya. 
Raa.  Fapar  No.  42,  169-161,1999. 

10.  Slrraos:  0.  C.,  Roiblnaon,  0.  D.:  ”Tba  Dlatrlhutlon  of  Slao- 
^rxeltj  xn  Thuntercloute,'*  Proc.  Hoar.  Soc..  A  177#  261-329, 
1940. 

11.  Sohonlan’*-  B.:  "Progrtaalra  M^tnlng  IV.  Tha  Dlaoharga 
Maobanlf  Proc.  Roy.  Soc..  A  166,  4^^469,  1936. 

12.  Wlohnaaa,  H.:  "Qrundprohlana  ter  Riyalk  daa  Qavittaro," 
Volfanhuattalar  Varlagianatalt,  1946. 

13.  Kaaanir,  H.  V.:  "Tha  Ihuntereloud."  Fapar  giran  at  the  Third 
Intamatlonal  C<»faranoe  on  Ataoapharle  Blaetrlolty  (in  print), 
1964. 

14.  Kaaanir,  H.  ¥•;  "Tha  Ll^itnlng  Dlaeharga,"  T.!BAKLRPt»  Taehnioal 
Raport  2401,  Fort  Hoonouth,  Haw  Jersey,  Dec  63. 

19.  Kuttner,  J.:  "The  Slactrlcal  and  Mateorologlcal  Conditions 
Inside  ’nmnterolouda,"  J.  of  Mat..  J,  322-332^  1990. 

16.  Falooner,  R.,  Schaefer,  V.:  "Cloud  and  Ataoapharle  Sleetrleal 
Obsarvatlona  of  the  Fomatlra  Stages  of  the  Voroaatar,  Muiaair 
ehusatta^  Tornado,"  Bull.  Aaar*  Mat.  Soc..  9,  199^* 

17.  Vonnegut,  B.,  Moore,  C.:  "Oiant  Electrical  Stoma,"  NaTal 
Reaeaaroh  Contract  N0NR-1684(00),  1996. 


74 


KASINZR 


16.  Brooks  M.f  II.:  "Bom  A0p«et«  at  Llfbtiilng  AotlTlty 

•aA  Itolatad  Nitwm>Iogie«l  CoodltloM,**  j,  OMofara.  Rm..  6'5. 
4,  1203-1210,  I960.  - 

19*  JocMf,  H.:  "Rtstcxeh  oo  Tornado  Idontirieotlon,**  Sl^ial  Corps 
Rssoareh  Cootraot  M  36-039  8C-64493,  1936. 

20.  Tanurm,  Y.:  "An  Analyals  of  Usetrlo  FUld  after 
Dlaehaxvaa,”  Froc.  Conf.  Ate.  Blaotr,  I90-200,  193$. 


75 


iderstorm  Models  of 

»impson -Serose 
khonland 
Mchmonn 
/onnegut' 


Figure  2. 

a.  Thunderstorm  with  equal  positive  and  negative  charge 

b.  Potential  function  ^  aginst  altitude  h  with  cloud  discharge 

c.  Chage  density  g  of  c I oude  discharge 
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Figure  3. 

a.  Tripolar  thunderstorm  model  after  Simpson  and  Scrase 

b.  Potential  function  ^  against  altitude  h  with  ground 
discharge  leader 

c.  Potential  function  ^  for  ground  discharges  only 

d.  Potential  function  4  and  main  stroke 
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THE  EFFECT  OP  STRAIN  RATE 
ON  YIELDING  CHARACTERISTICS 
OF  HIGH  STRENGTH  ALLOY  STEELS 


0.  P.  KENDULL 
WATERVUET  ARSENAL 
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INTRODUCTION 

Thtt  ctfcct  of  rate  of  loading  or  a train  rata  on  the  flow 
characterlatlca  of  metali  haa  long  baan  of  Intaraat.  Tha  affect  waa 
flrat  atudlad  In  tin  by  Ludwik(^)who  propoaed  a  linear  ralatlonahlp 
between  tha  flow  atreas  and  the  logarithm  of  tha  atraln  rata>  Sub- 
aequent  Invaatl gat Iona  by  Nadal  and  Manjolna^^^ahowad  that  yield  and 
tanalle  atrangtha  are  not  contlnuoualy  linear  with  logarlth^c  atraln 
rata  for  aavaral  pure  netala  and  low  alloy  ataal.  Thaao  aaterlala 
exhibit  apaclflc  rangea  of  atraln  rate  aanaltlvlty  but  are  virtually 
Inaanaltlve  to  atraln  rate  effects  outside  these  ranges.  Tha  range 
of  rate  sensitivity  and  the  strength  Increase  are  vary  dependent  on 
material  and  temperature. 

Clark  and  vk>od(^)reporccd  Increases  In  the  tensile  strengths 
of  several  engineering  materials  at  strain  rates  in  excess  of  100  In/ 
In/ sec  Including  Increases  of  from  0  to  23  percent  for  heat-treated 
alloy  steels.  Ouu  to  the  nature  of  the  iapact  type  test  used  they 
did  not  determine  the  variation  In  strength  as  a  function  of  strain 
rate. 


There  have  been  many  recent  investigations,  using  various 
techniques.  Into  the  effects  of  strain  rate  on  mechanical  properties. 
Much  of  this  work  was  presented  at  two  symposia  on  high  rate  defor¬ 
mation  (^)*  (^).  Virtually  all  of  this  work,  however,  was  limited  to 
mild  steel  and  -..-elatlvely  low  strength  metals  and  alloys.  For  medium 
strength  alloy  steels  Abbe(^)and  Hammer  and  Cadle^^^  ualng  pressur¬ 
ised  cylinder  techniques,  have  reported  Increases  In  yield  strength 
of  approximately  15  percent  at  strain  races  of  2  and  6  In/ln/sec. 

It  Is  the  purpose  of  this  current  work  to  determine  the 
relationship  bet%ieen  yield  strength  and  strain  rate  for  a  series  of 
high  and  ultra  high  alloy  steels  at  strain  rates  In  the  range  from 
10“^  to  10  in/ln/sec. 
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APPAKATUS  AND  PROCEDURE 

A  special  high  rate  tensile  testing  system  developed  at 
.i7atervliet  Arsenal  was  used  to  obtain  the  majority  of  data  presented 
in  this  work.  This  machine  is  capable  of  developing  forces  in  excess 
of  60,000  pounds  in  less  than  one  millisecond.  It  operates  on  the 
principle  of  rapid  fluid  transfer  from  a  high  pressure,  liquid 
charged  accumulator  to  a  hydraulic  cylinder  which  rapidly  loads  a 
standard  tensile  specimen.  The  test  system  is  shown  in  Figure  1  with 
a  schematic  diagram  in  Figure  2. 

The  operation  of  the  system  is  as  follows:  The  high  speed  valve 
is  closed  by  Introducing  a  gas  (nitrogen)  pilot  pressure  of  1500  psi 
beneath  the  plunger.  The  accumulator  is  then  charged  with  water  to  a 
pressure  of  10,000  to  15,000  psi.  The  system  is  fired  by  opening  the 
electro-pneumatic  trigger  valve  allowing  high  pressure  to  be  exerted 
over  the  top  of  the  valve  plunger  causing  the  valve  to  open  slightly. 
High  pressure  fluid  directly  from  the  accumulator  will  then  flow  into 
the  space  above  the  plunger  forcing  It  rapidly  downward,  thereby 
uncovering  the  outlet  port  of  the  valve  and  permitting  rapid  fluid 
transfer  from  the  accumulator  to  the  hydraulic  cylinder.  This 
results  in  a  rapidly  applied  tensile  load  on  the  specimen.  The 
volume  and  compressibility  of  the  water  in  the  accumulator  is  suf¬ 
ficient  to  allow  up  to  one  half  inch  of  specimen  elongation  without 
a  significant  decrease  in  load.  The  strain  rate  Is  controlled  by 
means  of  adjustable  throttle  valves  in  the  line  connecting  the  high 
speed  valve  and  hydraulic  cylinder. 

The  instantaneous  load  on  the  specimen  is  measured  by  means 
of  a  strain  gaged  loading  bar  or  load  cell  into  which  the  specimen 
is  threaded.  The  load  cell  is  instrumented  to  cancel  any  effects  of 
bending  and  its  output  is  connected  to  one  channel  of  a  Sanborn, 
light  beam  type,  oscillographic  recorder  having  a  frequency  response 
of  DC  to  5,000  cps.  The  entire  load  recording  system  is  calibrated 
periodically  In  a  conventional  Rlehle  60,000  pound  tensile  testing 
machine.  The  instrumentation  is  calibrated  electrically  before  each 
test  by  shunting  a  standard  resistor  across  one  arm  of  the  load  cell 
bridge  circuit.  The  ma;'d.mum  total  error  of  load  measurement  is  esti¬ 
mated  to  be  plus  or  minus  two  percent. 

To  measure  strain  the  specimen  Is  instrumented  with  two, 
one  Inch  gage  length,  high  elongation  strain  gages  which  are  con¬ 
nected  to  other  channels  of  the  oscillographic  recorder.  One  load- 
tlme  and  two  strain-time  curves  are  thus  obtained.  In  addition,  the 
amplified  load  and  strain  signals  are  simultaneously  fed  into  the 
Y  and  X  axes,  respectively,  of  an  X-Y  storage  type  cathode  ra^ 
oscilloscope  to  obtain  a  stress-strain  curve  directly. 
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MATERIALS  AND  SPECIMENS 

The  meteriele  investlgeted  in  this  work  ere  tf«o  moderetely 
nigh  strength  and  two  ultra  high  strength  alloy  ateels.  The  former 
are  a  standard  4340  steel  (static  yield  strength  of  158,000  pai)  and 
a  modified  4330  steel  (static  yield  strength  of  148,000  pal).  The 
latter  are  a  type  H-11  high  chromluni  steel  (static  yield  strength  of 
230,000  psi)  and  an  18  percent  nickel  mar-aging  steel  (static  yield 
strength  of  275,000  psi). 

All  specimens  except  the  modified  4330  were  machined  from 
one  inch  diameter  bar  stock.  The  modified  4330  specimens  were  cut 
from  a  large  gun  tube  forging  in  the  transverse  direction.  The 
chemical  composition  and  heat  treatment  for  all  speciswns  are  sho«m 
in  Table  1. 

DISCUSSION  OF  RESULTS 

In  order  to  compare  some  results  of  the  experimental  pro¬ 
cedure  used  in  this  work  with  those  of  other  investigations  the  upper 
yield  strength  of  an  annealed  1018  steel  was  determined  as  a  function 
of  elastic  strain  rate.  These  data  are  shown  in  Figure  3A  along  with 
results  previously  reported  by  Krafft  and  SulIivanC^^for  a  similar 
material.  The  agreement  between  the  two  investigationa  is  quite  good. 

The  yield  strengths  at  0.2  percent  offset  for  4340  steel  and 
for  modified  4330  steel  are  shovm  in  Figures  IB  and  1C,  respectively. 
The  4340  steel  shows  a  slight  linear  increase  in  strength  over  the 

range  of  strain  rates  investigated.  The  overall  increase  in  strength 

is  4^  percent.  The  modified  4330  steel  appears  to  exhibit  no  signifi¬ 
cant  increase  in  strength  up  to  a  strain  race  of  about  1.0  in/ in/sec. 
Above  this  rate  a  linear  increase  is  seen  with  a  strength  increase  of 
about  11  percent  at  a  strain  rate  of  10  in/ in/ sec. 

The  yield  strengths  of  two  ultra  high  strength  alloys  are 
shown  as  a  function  of  strain  rate  in  Figure  4.  Data  for  H-11  steel 

are  shown  in  Figure  4A.  Very  little  increase  in  strength  is  seen  for 

strain  rates  up  to  about  0.1  in/ in/ sec  after  which  the  strength 
increases  approximately  linearly  up  to  a  total  increase  of  10  percent 
at  10  in/in/sec. 

Figure  4B  shows  the  yield  strength  of  the  mar-aging  steel 
as  a  function  of  strain  rate.  This  material  shows  a  linear  increase 
in  strength  over  the  entire  range  of  strain  rates  with  an  overall 
increase  of  about  9  percent. 

In  the  above  figures  each  data  point  represents  a  single 
test  specimen.  The  short  vertical  line  representing  plus  or  minus 
two  percent  of  the  strength  level  indicates  the  range  of  estimated 
experimental  error  for  the  data.  This  represents  a  range  of  points 
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through  %rhich  a  line  may  be  drawn  which  will  truly  rapraaant  tha  data 
within  experimental  accuracy. 

Although  not  considered  aa  part  of  this  investigation,  it 
was  also  observed  that  the  ultimate  tensile  strength  increases  in 
the  same  manner  as  the  yield  strength  maintaining  about  the  same 
difference  between  yield  and  tensile  strength.  The  plastic  strain 
rate  at  the  ultimate  tensile  strength  differs  significantly  from  the 
elastic  strain  rate  due  to  the  elasticity  of  the  test  system.  A 
comparison  of  both  yield  and  tenaile  strengths  as  a  function  of 
elastic  strain  rate  would  therefore  be  highly  questionable. 

It  should  also  be  noted  that  no  variation  in  ductility,  as 
measured  by  reduction  in  area,  could  be  seen  for  any  of  the  siaterials 
investigated  over  the  full  range  of  strain  rates. 

Most  metals  exhibit  a  decrease  in  yield  and  flow  stress 
with  increasing  temperature  over  ranges  in  which  no  structural  or 
phase  changes  occur.  It  might  also  be  expected  that  strength  %iould 
be  affected  by  strain  rate,  but  in  the  opposite  sense  (increasing 
strength  with  increasing  strain  rate).  However,  prediction  of  what 
the  precise  effect  of  strain  rate  would  be  based  on  some  model  of 
yielding  and  flow  for  an  alloy  steel  would  not  be  possible  at  this 
time  since  the  actual  yielding  mechanisms  in  iron>carbon  martensitic 
alloy  structures  have  not  been  determined  with  any  degree  of  certain* 
ty.  The  existence  of  regions  of  relative  insensitivity  to  strain 
race  and  regions  of  linear  increasing  strength  and  of  some  ’'critical" 
strain  rate  or  transition  zone  at  the  boundary  between  these  two 
regions  do  not  fit  into  any  conventional  model  of  yielding  and  flow. 

It  is  obvious  that  further  work  in  this  area  is  required. 
Extension  of  Che  range  of  strain  rates  to  both  higher  and  lower  rates 
and  testing  of  more  specimens  will  be  acccmplished  to  establish  the 
exact  shape  of  the  curves  with  greater  confidence.  The  effect  of 
temperature  will  also  be  considered  along  with  studies  in  fatigue 
and  fracture  toughness. 

CONCLUSIONS 

For  Che  four  representative  high  and  ultra-high  strength 
alloy  steels  investigated,  the  increase  in  yield  strength  over  a 
range  of  strain  rates  from  10"^  to  10  in/ in/ sec  varies  from  4%  to 
11  percent  depending  on  Che  material. 

As  is  the  case  with  puce  metals  and  lower  strength  alloys, 
the  increase  in  yield  strength  is  linear  with  logarithmic  strain 
rate  over  some  specific  increment  of  strain  rate. 

The  extent  of  this  linear  range  varies  with  the  material 
and  may  be  as  narrow  as  one  order  of  magnitude  or  may  extend  over 
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Bort  chan  five  orders  of  nsgnlCude.  For  all  cases  the  isaxlmiia  race 

invescigaceu  Is  still  within  the  rang#  of  linear  strength  increase, 

indicating  further  Increases  in  strength  at  strain  rates  greater 

than  10  in/in/sec. 
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THE  DYNAMIC  STRESS-STRAIN  RELATION  lOR  A 
rSAND  AS  DEDUCED  BY  STUDYING  ITS  SHOCK  WAVE  PROPAGATION 
CHARACTERISTICS  IN  A  LABORATORY  DEVICE 


T.  E.  KENNEDY  AND  1ST  LT.  A.  J.  HENDRON,  JR. 
WATERWAYS  EXPERIMENT  STATION 
VICKSBURG,  MISSISSIPPI 


INTRODUCTION 

When  an  inatantaneoua  prep  i-re  la  applied  to  a  aolld,  It  la 
known  that  either  elaatlc  wavea,  p.  .^tlc  wavea  or  ahock  wavea  will  be 
propagated  by  the  aolld  away  fron  the  location  of  the  dlaturbance  or 
area  of  preaaure  application.  The  type  and  velocity  of  wave  propa¬ 
gated  will  of  courae  depend  on  both  the  nagnltude  of  the  preaaure  and 
on  the  equation  of  atate  of  the  material  at  the  level  of  atreaa 
applied.  Thua,  when  a  material  la  taken  through  a  atreaa  cycle  by  a 
paaaing  wave  front,  the  form  of  the  wave  that  la  allowed  to  exlat  la 
dependent  on  the  ahape  of  the  atreaa-atraln  (V-i  )  curve  followed 
during  the  atreaa  cycle. 

Conalder  a  aolld  column  of  material  that  la  aeml-lnflnlte  in 
length,  of  circular  croas-sectlon  and  haa  an  Inatantaneoua  preaaure 
(an  impulae)  applied  to  Ita  free  aurface.  Figure  1.  Thla  column  la 
further  confined  In  auch  a  manner  that  the  atraln  perpendicular  to 
the  direction  of  wave  propagation  la  aero.  It  la  now  aaaumed  that 
the  aolld  material  of  the  column  will  Initiate  and  aupport  the  pro¬ 
pagation  of  a  ahock  wave.  Thua,  under  the  action  of  the  applied 
impulae  p('t)  a  ahock  wave  la  initiated  and  propagatea  down  the 
column  with  a  velocity  of  propagation  Vg  .  At  a  time  %  •  X  thla 
front  will  have  reached  a  noaltlon  x  «  V,  *  V  aa  ahown  in  Figure  1. 
During  a  very  amall  time,  dX  ,  the  ahock  front  will  have  moved  tu 
the  poaltion  x  »  Vg  *  (Tr-t-  dX)  and  the  Inflnltealmal  volume  of 
material  A  •  Vg  •  d%  ,  ahown  ahaded  In  Figure  1,  will  attain  a 
particle  velocity  Up.  Figure  2  glvea  a  repreaentatlon  of  the  voIubm 
being  acted  upon  by  the  ahock  front  v^ere  ABCD  la  the  original  volume 
of  the  column  material  traveraed  by  the  ahock  In  a  time  dtr  and  EBCF 
la  the  volume  of  the  shocked  material  after  the  partlclea  behind  plane 
BC  have  acquired  a  particle  velocity  Up.  Therefore,  from  Newton* a 
first  law,  the  relation  for  Impulse-momentum  across  the  shock  front 
is  expressed  as: 
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P  •  A  •  d*? 


V  ‘dr  ‘  A  •  /O  •  u 

a  op 


P  -  V 
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U 
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(1) 


where  f>  la  the  initial  denaity  of  the  material  and  A  is  the 
croBB>aectional  area  of  the  column. 


The  work  done  by  the  shock  on  the  element  shown  in  Figure  2 
during  the  time  dT  is  equal  to  the  kinetic  energy,  the  energy  of 
deformation  and  any  heat  energy  which  arises  due  to  the  disbipative 
nature  of  the  material  in  the  column.  Therefore,  for  conservation  of 
energy 

P  •  A  •  U  •  df  =  V  •  dr  •  A  (AQ  -t- AS  +  1/2  U 

p  a  'op 

P  -U  =  (AQ  +A5  +  1/2  (O  (2) 

P  8  'op 

where  A  Q  la  the  change  in  heat  energy  which  may  be  reflected  in  a 
change  in  temperature  and  AS  is  the  energy  '>f  deformation. 


Figure 


The  strain  in  the  infinitesimal  volume  illustrated  in 
2  is  given  by 
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Combining  Equation  (3)  with  Equation  (1),  the  velocity  of  shock  wave 
propagation  can  be  expressed  as: 

V.  -  [(•■/«  O) 


Therefore,  it  is  concluded  from  Equation  (4)  that  the  shock  velocity 
is  a  function  of  tue  secant  modulus,  P/S  ,  of  the  material  which,  is 
concomitant  with  the  pressure  level  of  the  shock.  Since  a  particular 
shape  of  the  stress-strain  curve  was  not  assumed  in  the  derivation  of 
Equation  (4),  the  results  of  Equation  (4)  are  valid  for  any  material 
which  can  sustain  a  true  shock.  By  combining  the  relationships 
stating  the  conservation  of  momentum  and  energy  as  given  by  Equations 
(1)  and  (2)  respectively,  the  following  relation  is  obtained 
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Thus,  one-half  of  the  work  done  by  the  shock  on  an  element  as  shown 
in  Figure  (2)  Is  realized  as  kinetic  energy  and  the  other  half  iii 
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manlfeated  in  the  energy  of  deformation  as  reflected  by  the  area 
enclosed  under  the  streas-straln  curve  up  to  the  shock  pressurot  P> 
and  as  energy  dissipated  from  the  shock  into  the  medium  as  heat. 

hy  combining  Equations  (3).  (4),  and  (S) .  it  can  be  shown 

that 

1/2  P  •  C  •  AQ  *  AS  (6) 

Therefore,  the  energy  represented  by  the  area  under  the  stress-strain 
curve  must  be  equal  to  o^  less  than  1/2  P  • £  if  a  shock  wave  is  to 
be  propagated.  Figure  (3)  shows  three  types  of  stress-strain  curves 
which  a  real  solid  may  manifest  under  dynamic  loading. 

If  a  column  of  linearly  elastic  material  Is  subjected  to  a 
shock  of  magnitude  P,  then  the  energy  of  deformation  Is  equal  to  the 
area  OAB  in  Figure  (3a).  Since  the  area  OAB  is  also  equal  to  1/2P 
then,  from  Equation  (6),  AQ  is  obviously  sero  and  a  shock  should 
continue  to  propagate  undimlnlshed  down  the  column  at  the  same  velocity 
as  an  elastic  impulse. 

Let  us  now  consider  the  case  of  a  material  which  has  a  con¬ 
cave  upward  stress-strain  curve  as  shown  In  Figure  (3b).  If  this 
material  is  traversed  by  a  shock  wave  of  magnitude  P,  the  energy  of 
deformation, AS  ,  plus  the  energy  dissipated  as  heat  Is  equal  to  the 
quantity  1/2  P  >4  which  is  the  area  of  the  triangle  ADC  In  Figure 
(3b).  Since  the  shaded  area  beneath  the  stress-strain  curve  Is  the 
energy  required  to  deform  the  material,  then  the  unshaded  area  between 
the  line  AB  and  the  stress-strain  curve  represents  that  portion  of  the 
energy,  AQ, which  is  dissipated  Into  the  medium  as  heat  as  the  shock 
traversed  the  material.  Since  this  process  is  physically  possible, 
there  is  no  reason  to  believe  that  the  shock  will  not  continue  to 
propagate  as  a  shock  in  such  a  material.  The  velocity  of  propagation 
of  the  shock  would  be  directly  proportional  to  the  secant  modulus. 

P/d  ,  commensurate  with  the  stress  level  of  the  shock  as  given  by 
Equation  (4). 

Consider  a  column  of  material  wlta  a  stress-strain  curve  as 
shown  in  Figure  (3c)  which  is  Initially  subjected  to  a  shock  loading 
of  magnitude  P,  then  by  Equation  (6)  the  energy  of  deformation, AS  , 
plus  the  energy  flux,  AQ,  must  be  equal  to  the  quantity  1/3  P  •£ 
as  given  by  the  area  of  triangle  ABC  in  Figure  (3c);  the  shaded  area 
beneath  the  stress-strain  curve,  AB  ,  is  obviously  greater  than  the 
area  of  the  triangle  ABC.  Therefore,  in  order  for  Equation  (6)  to 
be  satisfied,  the  quantity,  AQ,  would  have  to  be  negative  and  equal 
in  absolute  magnitude  to  the  area  between  the  line  AB  and  the  stress- 
strain  curve  in  Figure  (3c).  A  negative  value  of  AQ  however.  Implies 
that  the  shock  wave  would  have  to  draw  energy  out  of  the  material  to 
propagate  which  is  not  physically  possible  and  the  initial  shock 
loading  therefore  would  not  continue  to  propagate  as  a  shock.  In  such 
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a  aodlua  th«  front  langthons  with  distance  alone  the  bar  because  each 
level  of  stress  propagates  at  a  velocity  proportional  to  the  square 
root  of  the  tangent  aodulus  of  the  stress-strain  curve,  (8).  One 
would  therefore  expect  that  a  decreasing  frequency  would  be  apparent 
in  the  particle  velocity- tixie  curves  as  well  as  an  attenuation  of 
peak  velocity. 

In  the  discussion  presented  above,  it  has  been  tacitly 
assumed  that  the  stress- strain  relation  is  known  for  a  given  material. 
This  is  true  only  if  the  static  relation  can  be  used  as  a  basis  of 
analysis.  However,  if  the  dynamic  stres'j-strain  curve  under  shock 
loading  is  different  from  the  static  relation,  the  above  analysis  can 
be  used  as  a  frasMwoxic  for  analysing  the  experimental  data  acquired 
in  shock  loading  materials  in  order  to  deduce  the  dynamic  stress-strain 
relations. 

EXPERIMENTAL  APPARATUS  AND  EXPERIMENT  DESIGN 

In  1963,  a  device  for  conducting  tests  pertaining  primarily 
to  underground  protective  structures  was  put  into  operation  by  the 
Waterways  Experiment  Station,  Vicksburg,  Mississippi.  This  device, 
the  Small  Blast  Load  Generator  (SBLG),  is  capable  of  developing 
dynamxc  loads  of  250  psi  or  less  with  a  rise  time  of  less  than  0.005 
seconds  on  a  soil  test  sample  having  an  exposed  circular  surface  of 
12  square  feet.  Figure  4.  The  dynamic  loading  function  P(t)  is 
developed  by  detonating  PETN  (pentaerythritol  tetrani trate)  in  two 
firing  tubws  mounted  in  the  bonnet. 

The  test  configuration  was  essentially  a  confined  column  of 
sand  thirteen  and  a  half  (13.5)  feet  in  length  and  4-feet  in  diameter. 
The  base  of  this  column  had  a  sand-clay  interface  which  was  blended  by 
mixing  th«^  final  6-inches  of  the  sand  in  the  column  with  the  clay. 

This  transition  area  was  provided  to  miniaiize  any  reflections  that 
might  occur  because  of  the  interface.  The  sand  was  placed  in  the 
lower  9.5-feet  in  6-lnch  lifts  and  vibrated  to  obtain  a  uniform 
dense  condition.  The  upper  4-fe^t  of  sand  was  placed  using  a 
"sprinkling"  technique  which  gives  near  maximum  density  without 
vibrating  and  thus,  without  the  danger  of  displacing  or  damaging  the 
burled  gages,  (2).  Density  measurements  indicated  that  an  in  place 
density  of  110  Ib/cu.  ft.  with  a  variation  of  0.8  Ib/cu.  ft.  was 
achieved  by  employing  this  placement  technique.  In  order  to  eliminate 
the  penetration  of  gases  into  the  sand,  a  problem  which  caused  great 
difficulty  during  earlier  testing,  a  neoprene  diaphragm  was  placed 
across  the  surface  of  the  column. 

A  locally  available  sand  called  "Cook  Creek  Sand,"  obtained 
near  (hilkln,  Mississippi,  was  used  in  all  the  tests.  The  sand  is  a 
uniform,  fine  sand  as  shown  by  the  grain  size  distribution  curve 
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given  In  Figure  5  and  la  claaalfled  aa  8P  In  the  Unified  Soil 
Clauaiflcation  Syatem.  The  effective  grain  alse  D.q,  of  the  aand  la 
0.02  mm,  the  uniformity  coefficient,  la  1.6  and  the  apeciflc 
gravity  la  2.65.  The  Cook  Creek  aand  haa  particle  ahapea  varying 
from  round  to  angular,  with  subrounded  ahapea  predominating.  Maxlanm 
and  minimum  laboratory  dry  densitlea  were  determined  an  110.8  and 
93.3  Ib/cu.  ft.  reapectively  by  atandard  WES  laboratory  procedures  as 
given  In  (6).  The  static,  one-dlmenslonal  stress-strain  curves  for 
Cook  Creek  sand  In  one-dlmenslonal  compression  are  shown  for  various 
densities  In  Figure  6.  The  effective  angle  of  Internal  friction  for 
Cook  Creek  sand  at  the  test  density  of  110  Ib/cu.  ft.  Is  42*^. 

The  over-all  objective  of  the  study  was  to  evaluate  the 
free-field  response  of  sand  in  the  SFLG  In  order  to  facilitate  the 
evaluation  of  the  response  of  test  structure  configurations  tested  in 
sand.  Ihls  objective  was  achieved  by  measuring  the  stress  and 
acceleration  throughout  the  sand  column.  To  obtain  the  acceleration 
measurements,  SOOg  range  strain-gage  type  accelerometers  mamilacturmd 
by  the  Consolidated  Electrodynamics  Corporation,  were  used.  These 
were  placed  at  various  depths  down  the  center  line  of  the  sand  column 
to  obtain  particle  acceleration  and  by  integration,  particle  velocity 
and  particle  displacement.  They  were  weighted  in  such  a  manner  that 
the  weight  of  displaced  sand  was  equal  to  the  weight  of  the  accelero¬ 
meter.  The  stress  gages  used  were  pleso-eleetrlc  type  gages  supplied 
by  the  Road  Research  Corporation  In  England.  The  locations  of  these 
were  changed  in  the  top  4-feet  every  five  firings  to  obtain  complete 
stress  coverage  of  this  area  with  a  minimum  number  of  gages.  One  of 
these  gages  was  placed  at  a  depth  of  8.5-feet  and  over-pressure  was 
monitored  by  means  of  xwo  PT-110  blast  pressure  gages  mounted  in  the 
SBLG  bonnet.  The  PT-110  gages  were  purchased  from  the  Dynisco 
Corporation  and  were  of  the  strain-gage  type. 

A  total  of  thirty-eight  (38)  firings  were  made  on  the  test 
configuration  during  the  test  series.  Three  Initial  firings  were 
made  to  calibrate  the  gages  for  range  and  then  seven  groupes  of  five 
firings  each  were  made  with  the  stress  transducers  at  seven  depths. 
These  depths  were  at  the  surface,  O.S-feet,  1.0-feet,  1.5-feet, 
2.0-feet,  3.0-feet  and  4.0-feet  deep.  It  was  found  necessary  to 
pre-load  any  test  specimen  three  times  before  repeatable  conditions 
existed.  For  this  reason,  the  data  obtained  in  the  last  two  firings 
In  each  group  were  the  only  data  used  in  evaluation  of  the  results. 

An  over-pressure  of  70  pal  was  used  during  all  firings  with  the 
exception  of  one,  two  and  three.  These  were  fired  at  190  psi,  100  psl 
and  100  psl  respectively.  It  was  found  that  these  higher  over¬ 
pressures  over-ranged  the  accelerometers  within  the  upper  part  of  the 
column;  thus,  the  lower  over-pressure  (70  psl)  was  used  to  avoid 
damage  to  the  instrumentation. 
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RESULTS  AND  CONCLUSIONS 

Baaed  on  the  chapo  of  the  static,  one-dlmenalonal  stress- 
strain  curve  for  the  sand,  it  was  assumed  that  the  wave  form  would 
exhibit  shock  characteristics.  This  assumption  was  shown  to  be 
correct  with  "shocking  up"  taking  place  within  the  first  few  Inches 
of  wave  travel  and  with  the  shock  front  continuing  to  propagate, 

Figure  7.  It  was  noticed  that  the  stress  record  at  the  8.5-foot 
level  showed  that  the  front  had  lost  the  characteristics  of  a  shock 
front  and  now  was  typical  of  a  plastic  wave.  This  implied  that  in 
the  region  between  4.0-feet  and  8.5-feet,  the  stress  cycle  went 
through  a  point  of  reversal  of  curvature  or  inflection  on  the  stress- 
strain  curve.  The  assumption  that  the  static  stress-strain  curve 
does  not  differ  significantly  from  the  dynamic  curve,  (3),  appears  to 
be  valid  only  in  the  high  stress  region.  Thus,  the  observed  loss  of 
shock  characteristics  at  lower  stress  levels  was  suspected  prior  to 
testing,  especially  in  view  of  the  data  presented  by  (9) . 

In  order  to  obtain  tha  location  of  this  point  of  inflection 
on  the  dynamic  stress-strain  curve,  the  arrival  time  of  the  wave 
front  was  examined,  Figure  8,  in  conjunction  with  the  shape  of  the 
wave  observed  at  different  depths.  Figure  7.  Figure  8  shows  that  the 
plot  of  time  arrival  versus  depth  becomes  non-linear  at  a  depth  of 
about  7.0-feet.  It  is  also  apparent  from  the  shape  of  the  wave  form 
at  8.5-feet  on  Figure  7  that  the  wave  is  no  longer  a  shock  wave,  but 
exhibits  the  characteristics  of  a  plastic  wave.  The  wave  has 
therefore  been  transformed  in  shape  as  it  traveled  from  a  depth  of 
4.0-feet,  where  it  was  last  recorded  as  a  shock,  to  a  depth  of  8.5- 
feet,  where  it  was  next  recorded  as  a  plastic  type  wave  shape.  The 
fact  that  the  rise  time  of  the  pulse  increased  between  the  depths  of 
4.0-feet  and  8.5-feet  indicates  that  the  dynamic  stress-strain  rela¬ 
tion  of  the  sand  up  to  the  pressure  level  of  the  peak  stress  propagated 
in  this  region  is  concave  about  the  strain  axis.  Since  a  shock  was 
observed  in  the  upper  4.0-feet  the  dynamic  stress-strain  curve  must 
be  concave  about  the  stress  axis  for  the  peak  stress  levels  experienced 
in  this  region.  Figure  9  shows  that  the  peak  stress  at  the  4.0-foot 
level  was  40  psi  while  the  peak  stress  at  the  8.5-foot  level  was  18 
psl  CTRe  stress  gage  at  8.5-feet  registered  a  stress  of  20  psi  and 
after  correction  for  burial,  10%  over-registration  under  non-shock 
loading,  a  stress  of  18  psi  was  obtained.).  Therefore,  it  is 
concluded  that  the  point  of  inflection  Joining  the  two  portions  of 
the  stress-strain  curve  with  opposite  curvature  is  located  between 
18  psi  and  40  psl.  In  developing  Figure  9,  it  was  assumed  that  the 
over-registration  for  shock  conditions  in  the  region  of  stress  above 
the  4-foot  depth  was  a  constant  factor.  Thus,  it  was  assumed  that 
the  over-registration  of  the  near  surface  gages  was  the  same  percent 
over-registration  as  that  of  the  other  shock  loaded  gages.  The 
region  between  4.0-feet  and  8.5-feet  is  a  region  in  which  this 
correction  factor  would  not  apply  because  of  the  transition  from 
shock  to  non-shock  condltiona. 
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To  further  locate  the  Inflection  point,  the  aeceleroaeter 
recorda  were  integrated  at  the  9.8-foot  and  at  the  7.0-foot  depthe  to 
obtain  particle  diaplacenent  (The  particle  velocity  waa  forced  to  aero 
to  correct  the  aero  drift  in  the  acceleration  recorda.).  The  differ¬ 
ence  between  theae  two  diaplaceaenta  waa  then  uaed  to  coapute  the 
average  atrain  between  the  7.0  and  0.8-foot  deptha.  A  value  of 
6.0  X  10“^  waa  obtained  for  the  axial  atrain. 

Figure  10  ahowa  an  approximation  of  the  dynamic  atresa-atrain 
curve  for  Cook  Creek  aand  which  waa  conatructed  on  the  baaia  of  the 
information  diacuaaed  above.  The  portion  of  the  atreaa-atraln  curve 
between  40  and  80  pal  ia  located  approximately  along  a  aecant  modulua 
of  48,S00  which  waa  calculated  from  the  ahock  velocity  in  the  upper 
4-feet  of  1500  feet/aecond.  The  value  of  the  axial  atrain  and  atreaa 
at  8.5-feet  (6.0  X  10~^  and  18  pal  reapectively)  gave  a  point,  A,  on 
the  curve.  It  ia  emphaaixed  however,  that  the  value  of  the  atrain 
for  point  A  can  be  in  considerable  error  aince  the  calculated  value 
of  the  strain  is  dependent  upon  the  difference  between  the  double 
integration  of  two  accelerometer  records.  The  authors  feel  however, 
that  these  data  contribute  significantly  toward  pointing  out  the 
general  qualitative  shape  of  the  dynamic  stress-strain  curve  for  Cook 
Creek  sand.  The  initial  slope  of  the  stress-strain  curve  should  be 
related  to  the  sonic  velocity  through  sand.  The  initial  slope  of 
82,000  psi  shown  in  Figure  10  corresponds  to  a  sonic  velocity  of 
2000  ft/sec  observed  for  Ottawa  sand  at  a  confining  pressure  of  10  pal 
by  (10).  Sonic  velocity  data  were  not  available  for  Cook  Creek  sand. 
The  smooth  curve  shown  in  Figure  10  is  the  dynamic  stress-strain 
relation  inferred  for  dense  (110  Ib/ft^),  Cook  Creek  snnd  from  the 
data  presented  above  and  the  static  stress-atraln  curve  is  shown  for 
comparison.  Although  there  appears  to  be  a  considerable  difference 
between  the  dynamic  and  the  static  stress-strain  curve  at  the  lower 
pressure  levels,  it  is  apparent  that  the  difference  becomes  less 
significant  with  pressure  level.  For  example,  the  difference  between 
the  two  curves  at  70  psi  is  less  than  15  percent,  idiich  definitely 
demonstrates  a  strain-rate  effect,  but  one  which  is  not  as  significant 
as  at  the  lower  stress  levels.  The  strain  rate  effect  observed  for 
Cook  Creek  sand  at  70  psi  is  of  the  same  order  of  magnitude  as  the 
strain  rate  effect  observed  by  (9)  for  Ottawa  sand  at  200  psi  which 
showed  that  the  dynamic  strain  was  2/3  the  static  strain. 

In  this  paper,  the  propagation  of  a  shock  wave  through 
various  types  of  materials  has  been  considered  and  the  behavior 
unique  to  each  type  of  material  has  been  discussed.  While  the 
theoretical  relationships  could  not  be  used  to  predict  behavior 
without  prior  knowledge  of  the  dynamic  stress-strain  relation  for  the 
sand,  the  relationships  derived  were  useful  in  deducing  the  dynamic 
stress-strain  relation  from  the  observed  behavior.  The  data  observed 
from  a  series  of  tests  indicate  that  the  dynamic  stress-strain 
relation  for  Cook  Creek  sand  is  concave  about  the  strain  axis  at 
lower  stress  le/els  and  concave  about  the  stress  axis  at  higher 
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■tress  levels.  It  sppeers  that  the  point  of  inflection  on  the 
dynanlc  stress-strain  curve  Is  between  18  and  40  psi.  Ihe  available 
data  also  Indicates  that  the  difference  between  the  static  and 
dynaalc  stress-strain  relations  beconea  less  significant  at  higher 
pressures.  Further  experlnents  are  needed  to  establish  In  sore 
detail  the  quantitative,  dynamic  stress-strain  for  Cook  Creek  sand, 
but  the  results  of  these  pilot  tests  Indicate  the  general  shape  of 
the  curve  and  have  yielded  information  which  will  aid  In  planning 
future  sand  column  experlnents. 
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Fig.  1  Shock  Front  at  Tim  dT 
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Fig.  5  Graln-Slce  Distribution  of  Cook  Creek  sand. 
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PERFORMANCE  OF  THE  GERMANIUM-PHOTOVOLTAIC  CELL 
UNDER  INTENSIVE  MONOCHROMATIC  LIGHT 


E.  KITTL,  S.  J.  SHAPIRO  and  K„  J.  BPZONKALA 
U.  S.  ARMY  ELECTRONICS  RESEARCH 
AND  DEVELOPMENT  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 

1.  Introduction: 

The  theory  of  the  photovoltaic  cell  vhich  ures  the  huilt 
in  potential  of  a  p/n  semiconductor  Junction  fov  collectiiig  charge 
carriers,  vhich  are  created  hy  photon  interaction  vith  the  valence 
electrons  of  the  semiconductor  crystal,  is  well  known  and  published 
in  the  literature  (1)  through  (4).  The  techriology  for  fabricating 
practical  Si-cells  has  reached  an  optimum  porformanc^.  potential  of 
approximately  1%  conversion  efficiency  in  stm  light  of  earth 
environment.  Althou^  a  theoretical  performance  potential  of  22^ 
conversion  efficiency  has  been  quoted  for  the  single  crystal  Si-cell 
when  illxjninated  with  sun  light  of  135  mW/cm^  intensity,  practical 
limitations  in  processing  techniq;'’es  and  materials  control  will 
permit  only  an  insignificant  improvement  at  unreasonable  cost  over 
the  present  15^  efficiency  optimum.  Ii.  this  paper,  we  will  be 
concerned  with  the  two  major  limiting  factors  responsible  for  the 
low  conversion  efficiency:  (1)  The  spectral  energy  distribution  of 
the  incident  li^t  and  its  relationship  to  the  p/n  Jvmction  current 
collection  mechanism,  and  (2)  the  limitation  of  the  Junction 
potential  on  doping  level  and  material  characteristics.  From  the 
presently  accepted  theory  two  general  conclusions  can  be  drawn: 

(1)  Monochromatic  light  of  slightly  shorter  wave  length  than  the 
equivalent  of  the  energy  gap  in  the  scaniconductor  material  should 
produce  the  highest  conversion  efficiency  and  (2)  maximum  doping 
and  an  abrupt  Junction  are  desirable  for  maximum  cell  output  voltage 
but  do  not  necessarily  lead  to  maximum  conversion  efficiency  because 
heavy  doping  degrades  the  current  collection  efficiency  of  the 
Junction. 


A  third  and  very  important  consideration  concerns  those 
factors  limiting  the  power  output  density  of  the  cell  when  the 
radiation  input  density  is  increased  by  a  factor  100  or  1000  <?.onrpared 
to  normal  sim  light. 
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Two  ntsAtlvw  •ffActa  ar«  lanedlataly  obvloua: 

(1)  Rxooaaiva  thon^  heating  of  the  cell  by  the  loeaea  of  the  con- 
veralon  proceaa,  and  (2)  an  Increaalng  voltage-drop  due  to  aerlea 
realatanee.  Iheae  two  problema  can  be  aolved  by  appropriate  engi¬ 
neering  deaigna.  On  the  other  hand,  there  are  poaltlve  effecta  which 
tend  to  Increaae  the  converalon  efficiency.  Ihe  junction  voltage 
rlaea  with  photon  current  denalty  until  the  Fermi  potential  limit  la 
reached.  An  Increaalng  denalty  gradient  of  the  exceaa  minority 
carrlera  will  improve  the  current  collection  efficiency  and  make  It 
leaa  dependent  on  the  diffusion  controlled  recombination  rate. 

However,  very  little  la  known  about  the  expected  deviation  from  the 
electrical  characterlatlca  of  the  p/n  jxmctlon  at  the  quoted  extreme 
high  photon  injection  level.  Some  experimental  e/ldence  of  perform¬ 
ance  at  this  extreme  high  photon  Injection  level  la  preaented  in  this 
paper  and  where  poaalble  an  explanation  will  be  atteiqpted. 

2.  Criteria  for  Output  Gpt Imitation. 

a.  Doping  level  and  open  circuit  voltage  (See  Fig.  1). 

A  p/n  junction  at  thermal  equilibrium  exhlblta  a 
potential  difference  between  the  p  and  n  type  material  which  can  be 
directly  derived  from  the  different  position  of  the  Fermi  Level  in 
the  p  and  n  type  materials.  Ihe  diagram  la  drawn  using  the  potential 
half-way  between  the  energy  gap  as  reference  potential,  ^e  Fermi 
potential  of  the  p  type  material  is  drawn  above  and  of  the  n  type 
material  below  with  reference  to  the  doping  level  given  in  atoma  per 
cm3  of  the  host  material.  As  this  figure  directly  relates  to  the 
resistivity  of  the  doped  material,  a  second  scale  showing  this  parem- 
eter  is  given  for  convenience.  Ihis  diagram  is  drawn  for  Oe  and 
shows  the  range  of  temperature  dependence  from  200  to  400^K.  It  is 
seen  that  the  potential  difference  across  the  junction  increases  with 
the  doping  level  or  decreases  with  the  resistivity  of  the  doped 
material.  Ihe  upper  limit  is  the  energy  gap  of  the  host  material 
reduced  by  the  ionization  potentials  of  the  donor  and  acceptor  atoms 
in  the  host  material.  It  is  also  seen  that  at  low  temperature,  this 
limit  can  be  approached  at  relatively  low  doping  levels  which  have 
the  advantage  of  preserving  life  time  end  mobility  of  the  doped 
material.  Ihls  junction  potential  represents  the  upper  limit  of  the 
open  circuit  voltage.  This  upper  limit  is  asymptotically  approached 
if  a  sufficient  number  of  hole-electron  pairs  are  generated  by  the 
photons  absorbed  in  the  cell  and  collected  by  the  Junction.  High 
doping  levels,  lov  operating  teicperature  and  high  photon  injection 
level  are  necessary  for  maximum  output  voltage.  Because  of  the 
adverse  iiffect  of  doping  on  minority  carrier  life  time  and  current 
collection  efficiency,  the  open  circuit  voltage  seldom  exceeds  50^ 
of  the  energy  gap  potential,  at  normal  light  intensity  of  solar  influx. 
However,  at  extreme  high  light  intensity  and  lover  temperatures,  751^ 
of  the  energy  gap  voltage  may  be  recu:hed. 
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b*  JSmetlon  dqptb  And  iptetral  r*tpoD8«. 


Ihe  major  absorption  mechaniim  of  light  in  a  aoml- 
eonductor  crystal  can  ba  Intarpratad  by  a  collision  proeacs  batvaan 
tha  r'  ^ons  and  tha  valance  alaotrons  of  the  atoms  forming  the 
crystal  lattice,  nils  absorption  process  in  described  by  the 
familiar  exponential  law: 


I 


(1) 


where  T-'———— transmitted  light  energy  to  depth  d 

I.. ....... .Incident  light  energy 

if(x)  -—absorption  coefficient 
d....—..— penetration  depth 


Ihe  absorption  coefficient  is  a  strong  function  of  the  wave  length 
and  the  semiconductor  material.  Its  typical  dependence  on  mve 
length  is  shown  in  Fig.  2  for  Oe  ($)  of  high  resistivity.  In  accord¬ 
ance  with  £q[uatlon  (1),  of  the  radiation  is  absorbed  at  a  depch 
d  B  3/e((x)  cm.  It  is  seen  that  shoz^  wave  light  is  absorbed  near 
the  curface;  long  wave  light  penetrates  deep  before  it  is  fully 
absorbed,  ^ilc  phenomenon  is  very  significant  for  the  performance 
of  the  photovoltaic  cell.  When  a  photon  of  sufficient  energy 
(F^h  >  %)  collides  with  a  valence  electron,  it  is  absozt^d  and 
In^airs  so  much  kinetic  energy  to  the  electron  that  the  latter  can 
break  the  bond  to  the  lattice  atom  and  is  free  to  diffuse  through  the 
lattice.  It  becomes  a  conduction  electron  and  at  the  same  time 
leaves  a  vacancy  called  a  hole.  This  process  is  called  hole-electron 
pair  generation  by  photons.  Ihe  p-n  Junction  collects  these  free 
charge  carriers  and  presents  a  useful  output  potential  of  the  device 
as  described  in  Paragraph  2. a.  above.  BLectrons  and  holes  must 
diffuse  from  their  region  of  creation  to  the  Junction  before  they  can 
do  useful  work  in  the  photovoltaic  cell.  The  process  of  diffusion 
meets  many  obstacles;  crystal  In^erfectlono,  atoms  of  the  doping 
material  and  the  thermal  vibration  of  the  lattice  create  a  limited 
life  tine  and  mobility  for  these  minority  charge  carriers  and  only  a 
fraction  will  be  collected  by  the  Junction  potential  and  create 
usefxil  current  of  the  cell.  It  is  obvious  that  a  hole-electron  pair 
created  near  the  surface  of  the  semiconductor  p-n  Junction  has  less 
chance  to  reach  the  Junction  than  a  hole-electron  pair  generated 
right  in  the  vicinity  of  the  Junction.  This  means  that  the  photon 
response  curve  of  the  cell,  as  shown  in  Fig.  will  exhibit  a  maxi¬ 
mum  for  that  wave  length  >diich  corresponds  to  a  penetration  depth 
equal  to  the  Junction  depth.  Another  In^ortant  aspect  of  the 
absorption  mechanism  of  the  photon  and  the  current  collection  mecha¬ 
nism  of  the  p-n  Junction  is  the  problem  of  quantum  efficiency  which 
will  be  discussed  in  the  next  paragraph  In  more  detail. 
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0.  Optlalsatlon  for  Noaoehreauitio  Li|^. 

UauolXy  the  aaexiRvtlon  is  made  that  the  absorption 
mechanism  of  photone  In  a  ssol conductor  follovs  the  Ebqjjonential  Lav 
(See  Squatlon  1).  In  the  case  of  monochromatic  light,  there  is  a 
de^nite  distribution  of  the  generation  of  charge  carriers  (hole- 
electron  pairs)  vlth  respect  to  the  depth  beneath  the  Illuminated 
ourface.  The  classical  photovoltaic  theory  aasxsaes  that  charge 
neutrality  must  exist  In  each  volume  increment  under  steady  state 
conditions.  Iherefore,  It  Is  possible  to  write  a  flow  equation  (6,7) 
and  solve  It  yielding  a  current  voltage  relationship  of  the  lUumi- 
ir  t  p/n  Junction  device*  Vfhile  no  doubt  exists  that  the  dosilnant 
( '  c.:'  :  v,ion  process  In  a  semiconductor  favors  the  photons  with  an 

close  to  the  energy  gap  cf  the  material,  very  little  Is  known 
on  the  absorption  mechanism  of  the  higher  energy  photons  up  to  2-3 
times  tho  gap  energy  (8).  Die  quantum  mechanical  concept  that  one 
valenco  electron  can  only  absorb  the  gap  anargy  from  the  Incident 
photon  end  the  excess  energy  of  the  photon  la  vaatod  and  convez*ted 
Into  phonon  energy  of  the  lattice  la  eaq^ectad  to  hold  only  under  the 
following  specific  conditions:  (1)  Ihe  number  of  photons,  which  are 
available  to  produce  hole-electron  pairs  in  a  given  volume  of 
absorbing  material  Is  small  coiapared  to  the  number  of  valence  elec¬ 
trons  In  the  same  volume.  In  this  case,  the  excess  kinetic  energy 
\dileh  a  valence  electron  may  have  after  a  eoUiclon  with  on  energetic 
photon  ^flll  not  ralae  the  overall  electron  temperature  of  tho  valence 
electrons  appreciably  and  the  contribution  of  the  themol  excitation 
(generation)  of  hole-olectron  pairs  is  small.  (2)  !nie  probability 
that  the  excess  energy  (E-Bg)  of  the  valence  electron  after  a  colli¬ 
sion  with  an  energetic  phonon  is  dissipated  in  the  lattice  is  much 
higher  than  the  collision  probability  between  free  conduction  elec¬ 
trons.  This  again  means  that  the  electron  temperature  is  In  equilib¬ 
rium  with  the  lattice  and  thermal  excitation  Is  negligible.  (3)  nie 
number  of  unfilled  trapping  levels  with  energy  states  Inside  the  gap 
is  small  compared  to  the  number  of  energetic  photons.  In  this  case, 
two  step  excitation  processes  which  can  produce  hole-electron  pairs 
ore  of  negligible  significance.  (4)  Cyclotron  type  resonance 
ionization  at  ^  n  X  have  a  gain  factor  lower  than  1  and 

are  non-exiotant.  (^)  Radiative  recombinations  produce  only  photons 
of  B  <  Eg  for  which  tho  material  is  transparent.  Bils  energy  is 
then  lost  by  reradiation.  If  a  qualitative  appraisal  is  made  of 
these  assuMptionr.  (1)  throu^  (3)  at  high  illumination  level  of 
monochromatic  ll^t,  it  follo\;s  that  Condition  (1)  can  not  be  con¬ 
sidered  valid  if  the  number  of  excess  free  charge  carriers  p 
generated  in  a  certain  absorption  volume  of  the  n  type  material 
approaches  the  number  of  the  valence  electrons  available.  At  a 
generation  rate  g( A )  and  a  recombination  rate  r(p)  this  condition 
exists  for:  p  -[Nph  «c(X)  Tp] /3  » 

For  a(  ^  )»  lo3  cm’^,  7L  =  10"^  sec  and  »  3  x  10^^  cm”^  soc’^, 

C  ^  P  ^ 

^ph  ■  ^  amperes/cm  , 
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It  Is  Stan  that  this  oondltion  can  not  occur  for 
long  vmvt  lengths  vhsra  ICh,  hovsvsr  «<  ( 1 )  rises  very  fast 

if  the  vave  length  of  the  light  la  reduced  and  at  a  wave  length  of 
1/3  of  Xg  (  Xg  ■  hc/Bg)  In  Oe,  the  Injection  level  approaches  values 
which  will  regioire  modification  of  the  classical  asaiadption  of  Q  ■  1, 
If  the  photon  current  r<vAches  values  of  10-lCX)  A/am‘. 

With  regard  to  Asaxagitlon  No.  2,  It  Is  also  obvious 
that  the  electron  tenperature  of  the  conduction  electrons  will  rise 
faster  than  the  lattice  tenperatxire  when  the  photon  Injection  level 
Is  Increased.  This  also  Increases  the  contribution  of  themal  exci¬ 
tation.  Very  little  Is  known  about  the  contribution  to  the  caxTler 
generation  by  suitable  Intermediate  energy  levels  between  the  valence 
and  conduction  band.  Cyclotron  type  resonance  Ionisation  seems  very 
plausible  for  n  *  X^/X  ■  2  or  3  but  will  diminish  for  higher  values 
of  n.  The  significance  of  radiative  recombination  has  been  treated 
in  the  literature  (9)  and  shall  not  be  discussed  here.  Radiative 
recoobination  will  reduce  quantum  yield  and  collection  efficiency. 

In  a\aiinarlsing  the  esqpected  effects  of  high  density 
monochromatic  photon  injection  in  a  p/n  Junction  type  photovoltaic 
cell,  it  is  predicted  that  the  coll  response  cuzve  may  show  pro¬ 
nounced  resonance  peaks  at  ^  ^  ^g  and  >■  I/3  ^g  and  the  quantum 

yield  is  eigpected  to  rise  above  1  for  E  >  Eg.  In  general,  it  Is 
expected  that  the  collection  efficiency  of  hole  electron  pairs  will 
drop  toward  the  violet  part  of  the  spectrum  but  at  sufficient  hl|^ 
injection  densities  locally  created  field  gradients  may  have  the 
opposite  effect.  This  should  become  more  obvious  if  experiments  are 
performed  with  monochromatic  light  of  short  wave  length  and  high 
intensity  sis  for  instance  with  a  ruby  laser  light  source. 

3.  Experimental  Study  Using  the  I3-U  Spectrophotometer, 
a.  Modification  of  Spectrophotometer. 

Previous  spectral  response  studies  of  photovoltaic 
cells  have  been  characterized  by  the  use  of  light  sources  of  low 
radiant  intensity  and  low  relative  beam  power  in  the  visible  region 
of  the  spectrum  which  do  not  reflect  the  actual  operating  conditions 
of  the  cells.  To  overcome  this  difficulty,  a  Model  33  U  Perkin- Elmer 
double  beam  spectrophotometer  was  modified  to  incorporate  the  use  of 
a  1600  watt  high  pressure  Xenon  arc  lamp  (10).  nie  arrazigement  of 
the  optics  is  shown  in  Fig.  4.  Single  beam  mode  of  operation  is 
used.  In  simply  by-passing  the  source  and  recombining  optics,  this 
arrangement  allows  the  return  of  the  instrument  to  normal  double  beam 
ratio  operation  without  the  need  for  opticad  realignment.  Good 
ventilation  of  the  source  housing  ia  required  to  eliminate  the 
discomforting  concentration  of  ozone  produced  in  the  vicinity  of 
this  type  of  lamp. 
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b.  Beam  Power  Callbsratlon. 


Operation  of  the  monochromator  with  a  slit  width  of 
2000  microns  gave  the  hlgjh  heam  power  required  while  retaining  a 
tolerable  degree  of  spectral  resolution.  The  dimensions  of  the  Illu¬ 
minated  exit  slit  were  2  mm  x  1^  im.  thermocouple  ellipsoid 
produces  an  Image  reduced  6.27  x  so  that  the  slit  Image  measures 
0.319  mm  X  2.39  nn  at  the  themocouple  receiver  plane.  IRie  receiver 
size  is  only  0.212  mm  x  I.912  mm^  and  therefore  considerable  spill 
over  of  Image  energy  occurs.  Assuming  the  energy  to  be  unlfozmly 
distributed  over  the  Image  area  for  2  mm  slits,  an  area  correction 
factor  fa  «  1.82  Is  applied  to  all  measurements  of  beam  power. 

A  calibration  of  the  radiometric  responslvlty,  R  of 
the  themocouple  was  made  using  a  23  cm  x  25  cm  x  33  cm  laboratory 
constructed  blackbody  with  a  3  mm  aperture.  Measurements  were  made 
at  source  temperattires  of  9OO,  1000  and  1100°C,  indicated  by  a 
thermocouple  in  contact  with  the  massive  iron  core  of  the  blackbody 
source.  Power  input,  P  to  the  themocouple  which  is  to  be  calibrated 


where  W  =  source  radiance,  watts/cm^;  d  »  source  aperture  dia.,  cm; 

D  =  distance  frexa  source  to  receiver,  cm;  A^  =  receiver  area, 
cm^;  r  =  reflectance  of  t.c.  diagoral  at  45  degrees. 

The  responsivity,  R  is  v/p  where  v  is  the  detector  rms  output  when 
compared  to  a  dc  test  signal  amplified  in  an  identical  manner.  A 
value  of  1.47  is  obtained  for  this  detector  which  is  in  good 

agreement  with  manufacturers  data.  It  has  been  assumed  that  the 
themocouple  receiver  surface  is  "black"  at  least  to  5  microns. 

Recent  measurements  (11)  taken  on  themocouple  detectors  of  this  type 
bear  out  this  assumption  to  within  a  few  percent,  and  therefore  no 
spectred  corrections  to  the  radiometric  calibration  were  taken. 

In  calculating  beam  power  to  the  photovoltaic  cell 
under  test  the  relative  transmission  of  the  alternate  beam  paths  is 
t*/^’**"  \diere  r'  and  r"  are  the  reflectances  of  the  themocouple 
diagonal  and  ellipsoid  respectively  and  t'  is  the  transmittance  of 
the  fused  silica  lens.  Since  the  level  of  beam  power  with  2  mm  slits 
would  cause  the  detector  output  to  exceed  23  pV  and  saturate  the 
preamplifier,  a  neutral  density  filter  is  inserted  at  the  entrance 
slit  when  power  input  is  measured.  The  filter  consisted  of  a  stack 
of  three  air  spaced,  density  1.13>  inconel  evaporated  on  1.6  mm 
thick  fused  silica  plates. 


For  an  observed  detector  signal we  may  now 
calculate  the  power  i.^put  to  a  photovoltaic  cell  under  test 


‘  R-  v 


(3) 
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If  AX  Is  the  spectral  slit  width  (12)  at  X  and  A.  is  the  exit  slit 
area  then  the  spectral  irradiance  at  the  exit  slit  is 

Rkx"  R  r'r‘'AX  (^) 

Experimental  ctunres  obtained  for  and  are  shown  in  Pig,  5  for 
62  anps  arc  current.  For  this  wavelength  region  of  interest  we  have 
assumed  the  detector  to  be  "black". 

c.  Photocell  detector  calibration. 

To  obtain  input  power  measurements  for  the  laser 
light  e:q)3rimentE  deccribed  below  it  was  necessary  to  employ  an  RCA 
925  phototube  as  a  detector  capable  of  resolving  short  (<  1  jisec) 
pulse  durations,  Responsivity  of  this  detector  was  detennined  at 
0.694  and  1.055  microns  in  the  previously  calibrated  beam  of  the 
spectrometer. 


d.  Expsz'imental  Study  of  Ge  Photovoltaic  Cells. 

Spectral  response  measurements  were  performed  on 
Oermanixaa  photovoltaic  cells  prepared  by  Delco  Radio  Division  of 
General  Motors  Corporation.  A  typical  cell  is  pictured  in  Fig.  3. 

It  is  an  alloyed  Jimction  n^P  cell  (13)  vith  a  resistivity  of  0.028 
ohm-cm  in  p  and  O.I5  ohm-cm  in  the  n  region.  The  n  Ge  wafer  is  I50 
microns  thick  and  the  p  layer  is  only  2  microns  in  thickness.  3^e 
n  surface  is  iUtminated  and  shows  the  gridded  contact  structtire. 

When  the  cells  are  motuited  on  the  spectrophotometer, 
they  are  illuminated  byalcmx0,3cm  image  of  the  exit  slit.  The 
light  generated  current  output  of  the  cell  is  recorded  on  a  strip 
chart  recorder  with  wave  length  indicated.  Ulumination  levels  are 
great  enou^  to  reduce  the  effects  of  cell  shunt  resistance  on  the 
V-I  characteristic  to  negligible  proportions. 

Applying  the  input  spectral  irradiance  data  to  the 
cell  output  and  normalizing  on  the  basis  of  equal  number  of  photons 
we  have  obtained  the  relative  photon  response  characteristics  shown 
for  two  Ge  cells  in  Fig.  6.  Both  cells  show  expected  response  peak 
at  1.4-5  microns  but  also  exhibit  unexpected  rise  in  response  in  the 
region  between  0.8  and  1.3  microns.  Previous  data  taken  under  low 
level  illumination  fall  to  exhibit  this  characteristic.  Both  cells 
show  the  dropping  response  expected  at  the  shorter  wavelengths  due 
to  the  depth  of  the  junctions.  !lhe  rapid  loss  of  response  found  as 
photon  energy  approaches  the  cut-off  wavelength  Xg  •  1.86  fx  is 
attributed  to  the  fact  that  the  cells  are  not  sufficiently  thick  to 
absorb  at  the  longer  wavelengths  and  the  thinner  cell  clearly  shows 
this  limitation. 
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0.96 

n 


For  the  cell  0/t^39O  vhleh  gave  an  1.^  *  13*5  mA  at 
microns  vhen  PI  ■  22.2  mW,  ve  cooputo  a  conversion  efficiency, 
according  to  the  relationship 


^  O.iiaQ 

Ti  a  — ...  .-I - 

|.Xt7 


(5) 


asBiiming  an  anticipated  V^.  ■  0.3  V  and  a  V-I  curve  factor  of  0.7. 
IMcing  the  reflectance  of  the  cell  to  be  Invariant  with  1  and  equal 
to  0.3U,  the  curve  shown  in  Fig.  7  is  drawn  representing  a  projected 
conversion  efficiency  for  this  cell.  Using  thly  data  and  the  data 
of  Fig.  6  an  absolute  value  for  Q  «  I.32  at  1.16  microns  results. 


We  actually  observed  a  «  I80  mV  and  a  curve 
factor  of  0.^  for  this  cell,  which  gave  an  actual  efficiency  of 
at  0.96  microns  (uncorrected  for  reflectance). 


4.  B3q>erlmental  Study  Using  Lasers. 


The  laser  Is  the  sliaplest,  high  intensity,  monochromatic 
light  soTirce  avalleble.  Selection  of  this  type  of  source,  peurticu- 
larly  the  fluorescent  pulse  of  the  laser,  eliminated  the  need  for 
complex  cooling  systems  for  selective  narrow  band  filters  and  test 
samples.  Furthermore,  In  the  acttial  experimental  appeuratus  the 
simplicity  was  enhanced  by  the  Interchangeability  of  the  two  differ¬ 
ent  laser  crystals.  Neodymium  and  Ruby.  However,  certadLn  problems 
Inherent  In  this  type  of  light  source  (e.g.  Calibration  of  beam 
power,  fleish  lamp  light  leakage,  and  millisecond  pulse  duration)  had 
to  be  overcome  or  compensated  for.  Another  pTOblem  with  this  type  of 
light  source  is  the  selection  of  appropriate  laser  crystals  of  fixed 
wave  length.  Teible  I  (l4)  gives  the  selection  of  materials  and  their 
properties « 

Table  I 


Material 
Cr+3  . 

Kd  ^  -  glass 


- 


Wavelength 


CaW04 

CaWOi^ 


(Micron) 

Mode 

Max. 

.69 

Pulsed 

300 

1.06 

Pulsed 

300 

1.61 

Pulsed 

77 

1.91 

Pulsed 

77 

Operating  Temperature 


The  experimental  investigation  r^orted  in  this  paper  covers  only 
results  on  Ruby  and  Neodymlim  laser  experiments.  Initial  experiments 
shoved  that  the  photovoltaic  cell  could  not  resolve  the  individual 
high  energy  laser  pulses.  It  was,  therefore,  decided  to  use  only  the 
fluorescent  pulse  output  of  the  crystal  which  extends  over  a 
stxfficiently  long  time* 


2  Initially  the  cell  power  output  densities  of  1  -  3 
vatt/cn^  were  available  from  the  fluorescent  pulse,  but  upon  further 
Investigation  of  the  pxilse,  it  was  found  that  some  of  the  pump  leap 
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energy,  which  detracted  from  the  epectral  purity  of  the  fluorescent 
pulse,  was  present  in  the  pulse.  Ilhls  energy  was  eliminated,  in  the 
case  of  the  ruby  crystal,  by  using  a  narrow  band  filter,  passing 
0.6943  +.OQI7  micron  with  transmission  at  its  peak,  and  in  the 
ease  of~' the  Neody^^um-Olass  rod,  by  using  a  narrow  band  filter, 
passing  1.099  ji.019  micron  with  3I7  transmission  at  its  peak.  By 
eliminating  the  unwanted  energy  outside  of  these  narrow  bands,  we 
also  cut  down  the  energy  within  the  band,  so  that  the  maxinum  power 
density  reached  in  these  experiments  was  190  miUlwatt/cm^,  which  is 
still  a  sreasonably  high  power  density  for  awnochromatic  li^t  of  this 
high  spectral  purity.  Future  experiments  will  be  conducted  with 
higher  power  fluorescent  pvdses  and  subsequent  laser  pulses  to 
achieve  power  densities  beyond  1-3  watts/cm^.  Input  power  densities 
were  measured  with  an  RCA  9^9  Phototube  calibrated  on  the  Perkin 
Eliner  I3  U  Spectrophotometer  to  yield  sensitivities  of  0.0099  micro- 
aups/microwatt  for  the  ruby  crystal  and  O.OO60  microaops/mlcrowatt 
for  the  Neodymium  Olass  rod. 

TSie  final  problem  Involved  the  tracing  of  a  V-Z 
characteristic  at  the  peak  of  the  fluorescent  pulse.  From  a  typical 
pulse  shown  in  Fig.  dC  it  is  seen  that  the  pulse  is  constant  to  with¬ 
in  10^  variation  for  at  least  9OO  microseconds.  Actual  chopped 
traces  of  a  photodiode  output  and  the  test  cell  current  plotted 
against  time,  show  that  the  V-I  characteristic  is  traced  at  a  constnt 
input  level.  Ihls  is  true  because  the  test  cell  current  has  drofpped 
off  to  zero  before  the  photodiode  output  has  begun  to  decsy. 

An  electronic  triggering  circuit,  seen  in  Fig.  9,  was 
designed  to  trace  the  V-I  characteristic  curve  in  less  than  900 
microseconds.  In  the  discharge  loop,  the  R.C.  time  constant  is  100 
microseconds.  Three  time  constants  are  enough  to  discharge  the 
circuit  to  9^  of  its  initial  value.  Nov,  with  the  photodiode  in  the 
circuit  placed  in  such  a  position  as  to  see  the  same  lied^t  that  the 
test  cell  sees,  the  V-I  characteristic  curve  is  traced  in  the  first 
300  microsecond  of  the  light,  pulse  of  Fig.  6C. 

Hypical  results  from  data  taken  on  a  Oe  cell  are  shown 
in  Table  II;  (G.M.  53 'i) 

Table  II 

Crystal  Pm  ^out  max.  ^  ^SC  ^OC  * 

Ruby  399  »w  ‘27.7  nw  6.99^  ma  1^9  V  .964 

Nd  Olass  l8.95mw  6.69  mr  35.1  i  95  na  .195  V  .62 

Figure  8  shows  the  actual  data  from  which  Tsble  II  is 
computed.  Ihe  input  power  is  detexteined  from  the  Ingput  pulses  by 
the  formula: 

t,  . 

^iu“  15; — sj”  ■  -  t; — 
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vhare  is  the  peek  voltage  of  the  pulse,  Br  Is  the  load  resistance 
(1  megoon),  is  the  sensitivity  of  the  phototube  at  vavelength  X, 
and  fw  is  the  filter  factor  of  a  neutral  density  filter,  used  on  the 
phototube  so  that  the  maxi  mum  current  through  the  tube  vould  not  be 
exceeded.  TSie  output  power  is  sljqply  the  maximum  power  point  from 
Curves  8b  and  8d,  and  the  efficiency  is: 


1 


nie  area  factor  a  is  defined  as: 


a 


‘^max 

r~ 

^SC  '^OC 


CONCLUSIONS: 

The  experimental  results  show  that  maximum  monochromatf  c 
conversion  efficiencies  occur  at  a  vavelength  of  1*5  microns  and 
reach  projected  values  of  30  percent  assuning  electrical  output 
characteristics  of  0.3  volts  open  ciretdt  and  0.7  curve  factor  which 
can  be  achieved  at  cxirrent  densities  in  the  order  of  1.0  aap./cm^. 
CaBg>ared  to  low  intensity  results  the  photon  response  of  these  cells 
shows  a  remarkable  improvement  at  these  higher  intensities  in  the 
region  of  0.6  to  1.3  microns.  Based  on  these  results,  it  is  obvious 
that  spectral  matching  of  sottree  and  photovoltaic  convezter  cell  will 
become  less  critical  at  high  injection  level.  There  are  indications 
that  a  gexmsnium  cell  for  instance  may  perform  u  well  as  or  better 
than  the  31  or  OaAs  cells  in  highly  concentrated  sunllc^t.  If  this 
is  the  case,  there  will  be  significant  chaz^ges  in  the  design  theory 
of  thermophotovoltalc  convexters  and  solar  power  converters  utilizing 
highly  concentrated  sxinllght.  Laser  ejqperlmexitB  have  yielded  a 
conversion  efficiency  of  &t  1.05?  microns  (Nd-Olass  Laser).  This 
higher  efficiency  correlates  reasonably  well  with  the  data  obtained 
from  spectrometer  measurements.  Bowever,  it  should  be  noted  that  the 
laser  data  Indicates  a  rise  in  Qoantxm  Efficiency  to  Q  =>  2.0,  about 
4  times  the  level  deduced  from  the  spectrometer  meesursmants  *  Such 
results  can  be  explained  by  the  increased  spectral  density  (about 
1000  times)  of  this  laser  lic^,  emsr  the  density  realized  in  the 
monochrometer.  On  the  basis  of  these  experiments,  further  studies 
should  be  made  at  higher  intensities  and  at  wavelengths  more  closely 
corresponding  to  the  ireglon  of  the  spectred.  response  peak  of  the  Oe 
cell.  More  basic  studies  are  also  encouraged  to  probe  into  the 
mechanisms  giving  rise  to  the  Quantum  efficiencies  higher  than  1.0 
which  were  observed  in  this  work. 
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MOLBCUIAR  STRUCTURE  ABB  PROTEIN  STABILITY: 
THE  ACID  DEBATURATION  OF  a  LACTALBUMIN 
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Introduction 

THe  unique  properties  of  a  protein  in  solution  depend  to  a 
large  degree  on  the  manner  In  which  the  folded  polypeptide  chain 
determines  the  spatial  relationships  between  amino  acid  side  chains. 
The  maintenance  of  metabolic  functions,  the  organization  of  complex 
structures  such  as  muscle,  or  stability  of  a  biological  fluid  such  as 
mllh  will  ultimately  depend  upon  preservation  of  the  conformational 
integrity  of  constituent  proteins  or  proteln-enzymes .  The  wide  range 
of  functional  properties  that  proteins  exhibit  Is  paralleled  by 
equally  vide  ranges  of  stabilities  to  heat  or  other  denaturing  agents. 
It  thus  seems  reasonable  to  ask  the  question  -  what  molecular  features 
convey  stability  to  a  protein? 

Aside  from  the  contributions  made  by  disulfide  bridges  of 
cystine,  the  '*bond8"  which  stabilize  proteins  are  generally  non- 
covalent  in  nature.  They  Include:  (a)  intra-peptide  chain  hydrogen 
bonds,  (b)  hydrogen  bonds  involving  amino  acid  side  chains,  (c) 
"hydrophobic  bonds"  (Van  der  Waals  interactions)  between  non-polar 
amino  acid  side  chains  such  as  valine,  leucine,  tryptophan,  etc.,  (d) 
coulombic  interactions,  l.e.,  attraction  and  repulsion  of  ionized 
amino  acid  side  chains  such  as  glutamyl,  lysyl,  etc.  VHille  without 
doubt  all  of  these  ’^bonds"  make  some  contribution  to  the  stability  of 
a  protein,  their  relative  l]]q>ortance  has  yet  to  be  firmly  established. 
The  investigations  to  be  reported  here  represent  an  atten?>t  to  provide 
a  basis  for  making  such  an  assessment.  Our  approach  has  been  to  dis¬ 
rupt  the  protein  molecule  partially  and  then  attempt  to  describe  what 
molecular  events  have  occurred  during  the  process,  i.e.,  vdiich  kind 
of  bonds  have  been  broken  and  which  remain  intuct. 
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QSie  protein  studied,  a  lactalbumln,  a  constituent  of  milk 
vhey,  has  a  molecular  weight  of  l6.2  x  10^  (l).  Its  sedimentation 
constant,  (1.93  S),  together  with  the  molecular  weight  cited.  Indicate 
that  the  pz’Oteln  molecule  In  Its  native  state  Is  nearly  spherical  (l). 
It  contains  123  amino  acid  residues  held  together  In  a  single  peptide 
chain  by  four  Intramolecular  disulfide  bridges  (13).  Aside  from  the 
absence  of  any  sulfhydryl  groups  and  the  hl^  tryptophan  content  (3 
residues)  (lO),  the  relative  occurrence  of  the  various  amino  acids 
does  not  appear  to  be  out  of  the  ordlzmiry,  e.g.,  the  ratio  of  non¬ 
polar  to  polar  amino  acids  Is  coxq)arable  to  proteins  with  radically 
different  characteristics  (l).  One  of  the  more  unusual  characteris¬ 
tics  of  a  lactalbiunln  Is  its  extraordinary  resistance  to  thermal 
denaturatlon,  e.g.,  one  can  maintain  solutions  of  the  protein  at 
90*  C  for  extended  periods  without  producing  irreversible  changes. 

Likewise,  exposure  of  a  lactalbumln  to  extremes  of  pH 
appears  to  produce  only  reversible  "denaturat ion-like”  effects.  In 
this  paper  we  shall  describe  the  low  pH  process.  By  all  of  tlxe  gen¬ 
erally  Invoked  criteria  of  denatviratlon  -  loss  of  solubility  (in¬ 
creased  aggregation)  and  alteration  of  Internal  molecular  structure 
(changes  in  molecular  shape,  optical  rotation,  ultraviolet  spectra, 
etc.)  -  the  changes  occxurring  In  a  lactalbumln  at  low  pH  may  be 
called  denatxiration. 

Aggregation  at  Acid  pH 

At  pH's  below  4  a  lactalbumln  shows  a  marked  propens I'^^y 
toward  aggregation.  Ihis  can  be  seen  from  the  ultracentrifuge 
patterns  shown  in  Figure  1.  At  pH  6  (Figures  lb  and  Id)  the  bound¬ 
aries  are  essentially  symmetrical  and  unchanging  with  time.  Ihe 
sedimentation  constant  corresponding  to  txiese  boundaries  is  essen¬ 
tially  that  for  the  native  molecule  of  molecular  weight  l6.2  x  10^. 

No  change  In  molecular  size  occurs  during  the  24  hours  of  exposure 
to  this  pH.  Observations  made  at  pH  2,  on  the  other  hand.  Indicate 
the  presence  of  a  polymerization  process.  This  is  seen  by  comparison 
of  the  patterns  of  Figure  lb  and  Id  with  la  and  Ic.  In  the  latter 
case  a  new  bOTondary,  indicated  as  appears.  This  boundary  corres¬ 
ponds  to  a  new  species  of  molecular  weight  >  300,000.  The  relative 
areas  xinder  the  boundaries  A  (essentially  unpolymerized  protein)^ 


Actually,  component  A  corresponds  to  "associated''  a  lactalbumln, 
i.e.,  dimer  or  perhaps  trlmer.  However,  since  its  molecular  weight 
(32,000  to  48,000)  is  so  much  lower  than  that  of  the  aggregate 
(300,000),  for  our  purposes  we  have  called  it  unaggregated  protein. 


122 


XRONHAN,  BLIM,  AliSRBOTTI 
VITOIfi  and  BOIMBS 

and  Aq  give  the  relative  amounts  of  these  components.  Coiqparison  of 
Figures  la  and  Ic  reveals  that  the  amount  of  aggregate,  Increases 
with  time.  While  the  rate  of  aggregation  Is  dependent  on  parameters 
such  as  protein  concentration,  ionic  strength^  pH  and  Ionic  species, 
at  pH's  below  U  (with  sufficient  time)  aggregation  will  proceed  to  a 
point  where  all  of  the  protein  moves  as  component  A^  or  even  beyond 
this  to  formation  of  gel.  In  spite  of  the  grossness  of  this  process, 
the  aggregation  can  be  completely  reversed  by  adjustment  of  the  pH 
to  values  above  6. 

The  polymerization  process  can  be  followed  by  measurement 
of  solubility  In  ammonium  sulfate  solutions.  In  these  experiments  a 
solution  of  a  lactalbumln  at  a  given  pH  and  at  25*  C  was  rapidly 
buffered  to  pH  6.6  with  Immediate  addition  of  buffered  saturated 
ammonium  sulfate  to  a  final  concentration  of  2.1  N.  Aggregated  Ct 
lactalbumln  Is  Insoluble  under  these  conditions  and  can  be  removed 
by  centrifugation .  Ihe  rate  of  insolublllzatlon  decreases  with 
decreasing  pH  (Figure  2).  Shown  also  Is  the  rate  curve  for  aggrega¬ 
tion  occurring  at  pH  2  where  the  supporting  electrolyte  was  0.15  M 
KNO^  rather  than  0.15  M  1^1.  The  marked  increase  In  the  rate  of 
aggregation  In  the  presence  of  nitrate  ion  Is  the  consequence  of 
binding  of  the  anion  to  the  protein  molecule  with  concomitant  reHuc- 
tlon  of  the  molecular  charge.  Similar  studies  with  other  anions  show 
that  their  sequence  of  effectlvei^ess  In  promoting  aggregation  is  the 
same  as  the  sequence  of 'binding  of  such  ions  to  proteins  (5). 

The  characteristics  of  the  aggregation  process  are  suimiar- 
Ized  In  Table  1.  Of  particular  importance  core  the  effects  of  pH, 
Ionic  strength,  and  anion  binding  on  the  rate  of  aggregation.  These 
demonstrate  that  in  pH  range  2  to  3*^  the  rate  of  aggregation  is 
essentially  determined  by  electrostatic  factors,  i.e.,  as  eikecitro- 
statlc  repvilslon  between  a  lactalbumln  molecules  Is  reduced  Igr  an 
Increase  in  Ionic  strength  or  by  reducing  the  molecular  charge  iby 
increasing  the  pH  or  by  enhanced  anion  binding,  the  rate  of  c^rega- 
tlon  is  Increased.  We  would  anticipate,  therefore,  that  as  the  pH 
approached  the  Isoelectric  point  (4.25  to  4.5)  the  electric  charge 
would  tend  to  zero  and  the  rate  of  aggregation  would  take  on  a  maxi¬ 
mal  value.  This,  however.  Is  not  the  case  (Figure  3).  The  curve 
represents  the  percent  soluble  at  various  pH's  after  24  hours,  nie 
amount  soluble  reaches  a  minimum  at  about  pH  3*3  and  then  Increases 
as  we  go  toward  the  pH  of  sdnlmum  charge  (the  Isoelectric  point), 
i.e*,  the  rate  of  aggregation  Is  maximal  at  pH  3 and  then  decreases 
as  ve  go  to  hl|^er  values. 


185 


XROHNAN^  BUM,  ARDRBOm 
VTPOIB  and  BOIMBS 

She  most  reasonable  explanation  of  this  unesqpected  observa¬ 
tion  is  that  idille  electrostatic  repulsive  forces  continue  to  de¬ 
crease  above  the  attractive  forces  decrease  even  acre  dras¬ 

tically  In  this  same  Interval*  Shis  could  be  brought  about  by  a 
change  in  the  conformation  of  protein  molecule  yielding  molecular 
sxurfaces  vith  greater  mutual  affinity.  Evidence  for  such  a  change 
in  conformation  has  been  obtained  by  a  variety  of  physical  measure¬ 
ments. 

Changes  in  Molecular  Shape 

A  coflvarlson  of  the  sedlswntatlon  properties  of  the  mono¬ 
meric  CK  lactalbximln  molecule  at  pH  2  and  at  pH  8.35  reveals  a  differ¬ 
ence  in  molecular  shape.  Shis  is  illustrated  by  the  ultracentrifuge 
data  susamkrlzed  in  Xable  2.  In  the  native  state  (pH  8.33)  the  fric¬ 
tional  ratio  is  near  unity  indicating  that  the  molecule  is  comgpact 
euid  nearly  spherical  with  a  radius  of  about  19  ^*  In  the  denatured 
state  (pH  2)  the  frictional  ratio  Increases  to  about  1*3  correspond¬ 
ing  to  either  an  elongation  of  the  molecule  to  yield  a  more  ellipsoi¬ 
dal  shape,  or  to  isotropic  swelling  of  the  spherical  molecule.  In 
the  latter  case  the  radius  voxild  be  about  23 

Differential  Ultraviolet  Spectra 

Dlfferentlsl  ultraviolet  spectra  represent  a  sensitive 
means  of  detecting  changes  in  the  environment  of  aromatic  amino  acid 
residues  such  as  tyrosine,  tryptophan  and  phenylalanine  (3).  ll^ical 
cxirves  obtained  for  a  lactalbumin  are  shewn  in  Figure  k.  lEhese'are 
spectra  of  acidified  solutions  of  a  lactalbxnnln  measured  relative  to 
identical  concentrations  of  protein  at  pH  6.  The  spectra,  diaracter- 
Ized  by  peaks  at  about  286  and  293  typical  of  tryptofihan  and 

Indicate  that  the  environment  of  such  groups  at  acid  pH  is  different 
from  that  of  the  reference  protein  at  pH  6  (3).  As  the  spectra  In 
Figiure  k  indicate,  the  amplitude  of  the  maxima  decrease  with  Increas¬ 
ing  pH.  This  is  shown  in  greater  detail  in  Pigure  3  idiere  we  have 
plotted  the  amplitude  of  the  293  peedt,  as  a  function  of  pH. 

Ihe  bulk  of  the  change  in  occurs  in  the  pH  region  3  to  4,  both 

at  25*  C  and  at  low  temperature  (2  to  h*  C)?  Setting  aside  for  the 
moment  thie  question  as  to  the  molecular  origin  of  these  difference 
spectra,  we  can  assume  that  the  pH  dependence  of  corresponds 


^  A  gap  exists  in  the  23*  C  curve  since  measurements  ceumot  be  made 
in  the  isoelectric  region  beca\ise  of  low  protein  solubility. 
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to  the  dependence  of  the  confonaatlonal  change  identified  vith  the 
denaturation.  Ihua,  the  decrease  in  rate  of  aggregation  observed 
above  pH  3*5  (Figure  3)  must  be  the  consequence  of  a  reversion  of  the 
molecule  to  its  native  state  at  these  hifdier  pH's* 

A  scheme  describing  the  behavior  of  a  lactalbumin  In  acid 
solution  can  be  written  as: 

Ajj  4*  K  A^'  e  A^"  ...  Ajj  (denaturation)  (l) 

these  steps  are  instantaneous  and  are  followed  by  a  slow  process: 

nAjj  .»  (Ajj)n  (aggregation)  (2) 

Where  A  is  the  native  protein  and  Aq,  A;^*,  A^"  ...  Aq .represent  a 
series  of  denatured  forms  of  somewhat  different  structure.  We  have 
found  it  necessary  to  postulate  more  than  one  denatiuced  form  to  ex> 
plain  the  teiq>erature  dei>endence  of  the  spectral  change  (U). 

Ultraviolet  Fluorescence 

Further  evidence  for  changes  in  the  environment  of  trypto¬ 
phan  groups  has  been  obtained  from  the  ultraviolet  fluorescence  of  a 
lactalbumin  solutions.  ^Diese  Involve  wavelength  shifts  of  the  emis¬ 
sion  Bttxima,  as  well  as  Increases  in  quantum  yield.  The  pH  dependence 
of  relative  intensity  (R.I.)  at  3^0  m,  assumed  to  be  proportional  to 
relative  yield,  is  shown  in  Figure  6.  The  abnipt  Increase  in  yield 
below  pH  4  indicates  that  the  conformational  change  Involves  separa¬ 
tion  of  tryptophan  side  chains  from  other  portions  of  the  molecule 
which  possess  quenching  properties.  The  natiure  of  these  groups  is 
at  present  unknown. 

Origin  of  Spectral  Changes 

While  the  changes  in  the  absorption  and  emission  spectra  of 
a  lactc^bumln  clearly  demonstrate  the  existence  of  a  conformational 
change  at  low  they  do  not  in  themselves  tell  us  the  nature  of 
this  change.  Environmental  changes  consistent  with  these  observa¬ 
tions  would  include  breaking  of  hydrogen  bonds,  greater  mutual  sepa¬ 
ration  of  tryptoiAian  residues.  Increased  separation  of  charges  from 
chromophores  and  gross  unfolding  of  the  protein  molecule  with  trans¬ 
fer  of  tryptophan  residues  ftom  non-polar  regions  of  the  protein 
imalecule  to  more  intimate  contact  with  the  aqueous  medium.  The  lat¬ 
ter  process  has  been  frequently  Invoked  to  explain  the  so  called 
"denaturation  blue  shift",  l.e.,  the  type  of  difference  spectrum 
shown  in  Figure  4.  Unfortxmately,  it  is  rare  that  direct  evidence 
which  can  confirm  this  hypothesis  is  available. 
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In  order  to  resolve  this  aaiblgulty  ve  have  aade  use  of  a 
relatively  nev  technique  vhlch  allows  us  to  distinguish  '^burled'' 
tryptoiAians  tr<m  those  In  contact  with  water.  (Uhls  method,  the  so 
called  solvent  perturbation  procedure,  is  based  on  the  fact  that  a 
"molecular  probe",  l.e.,  a  small  Inert  molecule,  on  coming  Into  close 
contact  with  a  chromophore  such  as  a  tryptophan  group  will  alter  Its 
spectral  properties  sll^tly  (8).  In  practice,  one  determines  the 
difference  spectrum  of  a  pair  of  protein  solutions  of  Identical  con¬ 
centration  and  pH,  one  containing  the  perturbant  molecules,  the  other 
perturbant-free  (8,  9)*  Ihe  magnitude  of  the  spectral  change  rela¬ 
tive  to  a  suitable  standard  such  as  N-aoetyl  tryptophan  ethyl  ester 
Is  a  measure  of  the  extent  of  exposure  of  the  chromophores .  The  per- 
turbants  employed  are  shown  In  Thble  3*  SEhe  second  column  of  the 
Thble  gives  their  molecular  radii  (Slnsteln-Stokes  spheres)  as  calcu¬ 
lated  from  diffusion  constants.  If  we  Imagine  a  protein  molecule  In 
vhlch  sosM  tryptophans  are  completely  burled,  other  project  freely 
into  thr  aqueous  medium  and  still  others  are  partially  burled  in 
"crevices"  In  the  surface.  It  can  be  seen  that  the  use  of  "probes"  of 
various  sizes  should  enable  us  to  estimate  the  site  of  these 
"crevices". 

The  results  obtp-'.ned  with  a  lactalbumln  are  summarized  in 
Figure  7.  The  horizontal  line  marked  "full  exposure"  represents  the 
five  tryptophans  found  by  chemical  analysis  (lO).  As  seen  in  'the 
Figure,  at  1*  C  near  pH  6  all  five  groups  are  burled  with  respect  to 
sucrose,  glycerol  and  ethylene  glycol  (the  2.2  to  3  ^  perturbants) . 

A  reference  to  Thble  3  Indicates  that  either  all  groups  are  completely 
burled  or  lie  In  "crevices"  smaller  than  2.2  £  -  the  molecular  radius 
of  the  smallest  probe,  ethylene  glycol.  At  this  same  temperature  as 
we  pass  through  the  transition  region  (Figure  5)-pH3tok  -  the 
structure  becomes  altered  such  that  one  tryptophan  residue  becomes 
accessible  to  the  medium.  The  "crevice"  size  for  this  group  must  be 
larger  than  h,T  S  since  It  vlU  admit  a  sucrose  molecule. 

Increasing  the  temperature  from  1  to  23*  C  near  pE  6 
exposes  two  groups  to  the  2-5  5  pertxirbants .  However,  acidification 
of  the  protein  through  the  transition  region  (pH  5  to  4)  at  25*  C 
does  not  Involve  esqposure  of  additional  groups  (Figure  7),  two  groups 
still  being  exposed  to  solvent. 

It  Is  of  interest  to  note  that  in  1959  Well  and  ee-eroirkers 
(ll)  found  that  chymotryptic  attack  of  a  lactalbimnln,  followed  by 
treatment  with  carboxypeptidase,  liberated  only  two  moles  of  trypto¬ 
phan  implying  that  three  tryptophan  groups  are  burled  and  hence 
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Inaccessible  to  enzyinatlc  attack.  These  results  are  ainply  supported 
by  our  solvent  perturbation  neasureaents . 

Measurements  employing  the  1  £  perturbant  (heavy  water) 
reveal  three  groups  exposed  to  solvent  both  at  pH  6  and  In  the  region 
2  to  3  (Figure  7 ) •  Since  only  two  groups  were  exposed  to  the  2  to  3 
R  perturbants,  ve  can  conclude  that  one  of  the  three  burled  groups 
must  lie  In  a  "crevice"  larger  than  1  R  but  smaller  than  2.2  R* 

VIhlle  the  1  R  perturbant  gives  slightly  different  (quantitative 
results  as  compared  to  the  other,  It  Is  Important  to  eaQ>haslze  the 
fact  that  no  change  In  groups  occurred  on  going  from  pH  6  to  low  pH, 
Indicating  that  the  transition  does  not  Involve  Increased  permeabil¬ 
ity  of  the  molecule  to  %rater. 

If  we  now  compare  the  results  sunmarized  In  Figures  3,  6 
and  7  certain  conclusions  can  be  drawn  as  to  the  nature  of  the  alter¬ 
ation  in  tryptophan  environment.  Althoxigh  no  additional  groups  are 
exposed  In  going  from  pH6  topH2at23*  C  (Figure  J),  marked  changes 
In  the  absorption  and  emission  spectra  occur.  !Rie  latter  must  be  due 
to  changes  In  local  group  Interactions,  ^e  Increase  In  molecular 
size  (Table  2)  observed  In  acid  solutions  suggests  that  the  swelling 
of  the  molecule  permits  greater  free  rotation  of  aunlno  acid  side 
chains  with  concomitant  reduction  of  interactions  with  neighboring 
groups.  The  magnitude  and  directions  of  these  spectral  changes  sire 
consistent,  for  example,  with  the  breaking  of  a  hydrogen  bond  from 
tryptophan  to  an  acceptor  group,  yet  unknown  (l2).  To  our  knowledge 
this  Is  the  first  unambiguous  demonstration  that  the  large  spectral 
changes  associated  with  denaturatlon  need  not  be  the  result  of  eaq>o- 
sure  of  chromophores  to  the  medltus.  Clearly,  many  previous  studies 
of  protein  denaturatlon  will  have  to  be  reconsidered  in  light  of 
these  findings. 

nia  transition  at  low  temperature  Is  more  conplex  than  at 
23  degrees.  As  Figure  7  Indicates,  acidification  of  a  lactalbumln 
from  iiH  6  to  2  Involves  the  exposure  of  one  tryptophan  group.  None¬ 
theless,  the  magnitude  of  the  spectral  change  (Figure  3)  Is  too  large 
to  be  accountable  solely  on  the  basis  of  an  exposure  of  a  single 
group.  Die  simplest  esqplanatlon  of  the  observations  at  low  tempera¬ 
ture  Is  that  the  transition  Involves  more  than  one  conformational 
change.  Ihls  was  a  conclusion  that  was  previously  reached  In  formu¬ 
lating  Equation  1.  The  total  change  involving  tryptophan  would 
result  from  both  an  exposure  of  one  group  and  increased  free  rotation 
of  buirled  groups  In  the  Interior  of  the  molecule  as  was  suggested  for 
the  23*  C  transition.  Direct  verification  of  the  hypothesis 
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unfortunately,  la  beyond  the  capabilltlea  of  preaent  phyalcal-blo- 
chemlcaX  nethoda* 


Rotatory  Dlaperalon  Meaaurementa 

In  addition  to  alteratlona  of  the  environment  of  aide 
chalna  auch  as  tryptophan,  the  lov  pH  denaturatlon  of  a  lactalbumin 
involves  a  change  in  the  folding  of  the  polypeptide  backbone.  Evi¬ 
dence  for  this  has  been  obtained  from  rotatory  dispersion  measure- 
■ente*  Interpretation  of  these  data  haa  been  made  in  terms  of  the 
Yang-Moffitt  equation  (l3)t 


^0  ^0  ^0  ^0 


(5) 


%dxere  [m*]  la  the  reduced  mean  residue  rotation,  l.e.,  the  specific 
rotation  reduced  to  mean  residue  weight  and  corrected  for  the  wave¬ 
length  dependence  of  the  refractive  index,  X  la  the  wavelength  of 
light  and  aiQ.,  b^  emd  Xq  are  parameters  characteristic  of  the  protein. 
Xq  la  generally  taken  to  be  212  n^.  Ihe  parameter  bQ,  ^ich  can  be 
evaluat  -  1  graphically  from  the  data  using  Equation  3#  is  very  sensi¬ 
tive  to  changes  in  secondary  structure.  For  example,  for  synthetic 
polypeptides,  bQ  will  take  on  values  ranging  from  0  to  -63O  degrees 
when  the  polypeptide  backbone  is  converted  to  a  100J(  helical  struc¬ 
ture  from  a  random  coll  (15)«  Applying  the  same  procedure  to  pro¬ 
teins,  one  can  estimate  the  percentage  of  the  polypeptide  chain  in 
helical  fo' »  from  the  relationship 

=  100  (4) 


The  results  of  a  series  of  rotatory  dispersion  measurements 
made  over  the  >13  to  378  range  are  shown  in  Figure  8.  Near  pH  6 
and  below  abci’t  pH  3.5,  values  for  b^  at  0  and  25  degrees  were  indis¬ 
tinguishable  with  experimental  error.  At  pH*s  above  5.5  and  some- 
whftt  below  5.5  solubility  problems  precluded  measurements  at  25*  C. 
Comparison  of  Figure  8  with  Figures  5  and  6  indicate  that  the  spec¬ 
tral  tremsitlon  occurring  below  pH  U  is  paralleled  by  a  change  in 
the  folding  of  the  polypeptide  chain.  Ihe  bQ  ^alue  of  a  lactalbumin 
at  pH  6  indicates  that  the  native  protein  has  about  351^  of  the  poly¬ 
peptide  chain  in  hydrogen  bonded  helical  form.  At  low  pH  we  find  a 
b^  value  corresponding  to  about  2U^  helix,  nius,  a  lactalbumin  upon 
denaturatlon  at  low  pH  loses  about  a  third  of  its  helical  content, 
the  transformation  presumably  being  helix  -»  random  coil. 
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The  close  agreeaent  of  the  bQ  values  obtained  near  pH  6  at 
0  and  2^  degrees  (Figure  8,  filled  and  unfilled  syBbols)  Is  partlcu^ 
larly  interesting  in  view  of  the  burying  of  tryptophans  observed  at 
lov  teigperature  (Figure  7)*  It  would  appear  that  the  conf onset  tonal 
change  associated  with  the  latter  process  does  not  involve  any 
change  in  backbone  conforaation. 

A  Pictorial  View  of  the  Low  PH  Denaturatlon 

A  view  of  the  overall  denaturation-aggregation  process  at 
25  degrees  is  shown  in  Figure  9  (see  also  Equations  1  and  2).  IDiis 
picture  should  not  be  taken  too  literally  since  it  is  only  intended 
to  Bumarise  visually  our  interpretations  of  the  experiisental  obser¬ 
vations.  She  synbols  OD  represent  tryptophan  residues,  two  of 

which  are  deeply  burled  in  the  interior  of  ^e  nolecule  in  the  region 
of  certain  interacting  side  chains  (  ).  Oie  third  buried 

group  is  in  a  narrow  crevice  at  the  upper  right  hand  surface  of  the 
oolecule.  Two  others  are  freely  accessible  to  the  aqueous  sMdium. 

The  denaturatlon  step  at  pH*s  below  k  (pH  2,  for  exaigple) 
involves  swelling  or  elongation  of  the  nolecule,  together  with  sepa¬ 
ration  of  the  burled  tryptophan  side  chains  fron  the  Interacting 
groups  without,  however,  any  additional  tryptophans  being  exposed. 

At  the  same  tine  about  1/3  of  the  helical  backbone  (AAttMftiU)  is 
converted  to  a  nore  randon  structure  ,  During  this  pro¬ 
cess  certain  key  side  chains  (  )  -  probably  non-polar  in 

nature  -  are  brought  from  the  interior  of  the  nolecule  to  its  sur¬ 
face  where  they  are  now  available  for  interaction  with  other  non¬ 
polar  groups  (  latter  process  produces  polyaers 

such  as  those  shown  at  the  lover  part  of  the  Figure.  To  conserve 
space  we  have  shown  only  a  cluster  of  three  nolecules.  Experiment¬ 
ally  we  find  that  aggregates  contain  an  excess  of  20  nolecules. 

This  crude  picture  clearly  represents  only  a  first  approx¬ 
imation  to  a  description  of  the  molecular  changes  occurring  during 
denaturatlon.  We  expect  to  refine  this  formulation  by  the  applica¬ 
tion  of  other  techniques  which  can  tell  us  about  the  environment  of 
groups  such  as  tyrosine,  glutamic  and  aspartic  acids,  lysine  and 
histidine.  We  hope  in  this  way  to  come  closer  to  an  answer  to  our 
original  question  -  what  holds  protein  molecules  together? 
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lABLB  1 


CharacterlBtici  of  Aggregation  Reaction  In  pH  Region  2  to  ^*5 


Ikraaeter 

Effect  on  Rate 

decreasing  protein  cone* 

decreasing 

decreasing  temperature 

decreasing 

decreasing  ionic  strength 

decreasing 

hlndlng  of  anions 

increasing 

decreasing  pH 

decreasing 

OiftM  2 

Molecular  Slee  of  Native  and  Denatured  a  Lactalbualn^ 


pH 

State 

Sedimentation 

Constant 

Frictloj^ 

Ratio® 

Spherical  Radius 

(k) 

8.55 

native 

19 

2.00 

denatured 

85 

^  Data  taken  from  Kronnan,  et  al.,  (2),  25*  C,  0.15  M  XCl 
^  20  -  JOjt  hydration 


TABU  3 

Characteristics  of  Perturhants 


Perturbauit 

Effective  Radius 

(«) 

20)(  Sucrose 

4*7 

20$  Olycerol 

2.7 

20$  Ethylene  Glycol 

2.2 

90$  Heavy  Water 

1 
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Figure  2  -  Solubility  changes  of  a  lactal-  Figure  3  -  Solubility  of  a  lactalbuinin  after 

bujnin  in  acid  pH,  O.I5  M  KCl*  See  text  exposure  for  2h  hrs.  to  the  pH  indicated.  See 

for  procedure.  Data  taken  from  ref.  2.  text  for  procedure.  Data  taken  from  ref.  2. 
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d  pH.  Ref.  ifl  -  5.8  to  tlal  peak,  0.15  M  KCl.  Data  (R.I.)  of  a  Inctalbumin,  0.15 

5  M  KCl.  Data  taken  from  taken  from  ref.  4-.  M  KOI.  All  data  normalized  a 

pH  6.  Data  taken  from  ref.  6 
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THE  DENATURATION  AND  THE 

Aggregation  of  aLACTALBUMiN 


lAIBLE 


HIGH  SPiSED  PENETRATION 
OF  NON-WOVEN  FABRICS 


ROY  C.  UIBIE 

U.  S.  ARMY  NATICK  LABORATORIES 
NATICK,  MASSACHUSETTS 


At  low  areal  densities  needle-pimched  non-woven  fa^:  rics  have 
proven  to  exhibit  ballistic  resistance  superior  to  the  nylon  fabric 
presently  used  in  personnel  armor.  This  fact  is  of  considerable  aca¬ 
demic  and  practical  interest  because  years  f  research  on  woven  fab¬ 
rics  have  resulted  in  only  marginal  improvements  over  the  nylon  basket 
weave  fabric. 

The  following  study  was  conducted  in  an  attempt  to  determine 
the  reasons  for  the  good  ballistic  resistance  of  felts  especially  as 
compared  to  the  behavior  of  nylon  fabric.  High  speed  photography  was 
used  to  follow  the  missile-target  interaction  with  time  while  labora¬ 
tory  tests  were  conducted  to  study  those  stress-strain  properties  of 
felts  which  might  be  related  to  their  ballistic  properties, 

EXPERIMENTAL  KATERIAIS 


The  major  target  material  for  the  ballistic  studies  was  a 
needle-punched  nylon  felt  with  the  following  characteristics. 


Staple  Length 
Thickness  of  Felt 
Areal  Density 
Fiber  T^pe 


3" 

0,1"  ^ 

l,S7oz/ft^ 

6  denier  nylon  tire  cord 


Method  of  Preparation 

The  felt  was  prepared  by  needling  a  parallel  laid  bat  fol¬ 
lowed  by  pressing  with  a  flat  bed  press  to  attain  the  desired  thick¬ 
ness  of  0,1”, 

In  addition  a  series  of  felts  differing  in  fiber  type  were 
prepared  (Felters  Corporation,  Millbury ,  Mass . )  in  order  to  obtain 


157 


Preceding  Page  Blank 


lAiBm 


with  TaxTlng  balUstie  Halt  values  •  Thsss  fslts  srs  lift¬ 
ed  in  the  followlnf  Table* 


TABLE  I 
FELT  SAMPIffi 


Material 

Fiber 

Fiber 

Denier 

Upf)* 

Staple  Felt 
Length  Densitr 
Un)  (oa/I^ 

Areal 

Densitr 

(oi/n* 

FL  Acrylio-1 

lOOjL  acrylio-l 

6 

2 

0*080 

3.3 

FL  Modacryllo 

100$(  modacxylic 

50!<-3 

50?f-12 

Is 

0,078 

3.2 

FL  Polyethylene 

100$(  polyethylene 

4 

li 

0*088 

3.4 

PL  Polypropylene 

100^  polypropylene 

6 

I" 

0*074 

3.4 

FL  Vjlon 

looii^  nylon 

6 

3” 

0.078 

3.5 

I^lon  C-500-58 

100^  nylon 

6 

3 

0.073 

6.3 

(0*60-in  thick 

Hylon  C-500-56 

lOQ^  nylon 

6 

3 

0.134 

2*1 

(O.U-in  thick) 

nylon,  coomeroial 

1009(  nylon 

• 

0*087 

6.3 

(0*  50-in  thick 

«dpf  -  dealer  per  fUaimntj)  where  denier  Is  the  weight  in  graiM  of 
9000  asters  of  the  fiber* 


The  nylon  0-500-56  listed  for  two  thiekneeses  in  the  Table 
is  the  aane  as  the  major  target  saterial  previously  mentioned  except 
for  thickness • 


E][fERIHEtn!AL  fR0CH)URE3 

High  Speed  Clnewatofraphar 

The  felt  samples  were  mounted  on  an  alusilnvn  frane  with  out¬ 
side  dimensions  of  14*5"  by  11*5''  and  Inside  dimensions  of  7"  by  ?"• 
The  felt  was  attached  to  the  aluminum  frame  with  cloth  masking  tape 
on  all  four  sides  and  the  aluminum  frame  in  turn  was  rigidly  daisied 
perpindicular  to  the  camera*  This  method  of  isountlng  used  to  facili¬ 
tate  profile  photography^  was  checked  by  measureomnts  and  found 
to  yield  equivalent  values  to  those  obtalneo  from  the  usual  mounting 
systesu*  The  events  were  recorded  with  a  Beckman  and  Whitley  Dynafax 
camera  at  a  rate  of  26,000  frames/seeond.  Each  frame  was  exposed  for 
one  microsecond  with  a  total  elapsed  time  of  36*5  microseconds  be- 
twaen  frames*  A  four  millisecond  light  pulse  with  an  intensity  of 
10'  peak  beam  candlepower  obtained  from  a  Xenon  flash  tube  provided 
the  lighting  for  the  experiments*  Kodak  Tri-X  35nm  panehroutle  film 
was  used  which,  with  the  Dynafax  camera,  records  two  rows  of  Idnn 
frames.  A  17  grain  (1*1  gram)  fragment  simulator  fired  from  a  ssiooth 
bore  *22  caliber  rifle  with  compressed  helium  was  used  as  the  missile. 
The  velocity  of  the  missile  was  obtained  by  msasuring  the  time  re- 


138 


LUBLB 


qiilrtd  for  pMoago  botwton  two  printod  olroult  gridt  ono  foot  opart* 
K  Vanguard  Hotlm  Analvaar  (Modal  MI6G)  was  ussd  to  osasura  tha  dia^ 
taaeaa  raprasantatira  of  alasila  traval  and  transvaraa  fait  diaplaoa- 
mant*  An  arror  of  only  *001  inohas  has  baan  attributed  to  tha  aotlon 
analyser* 


.Prayl  Ta^jfeto 

The  felts  wars  subjaotad  to  a  punetura  test  at  a  rata  of 
loading  averaging  6000  inohas/oiinuta*  Puncture  was  acecoi^shad  by 
means  of  a  two  inch  rod  with  a  tip  shaped  as  a  *22  caliber  projectile 
attached  to  tha  top  portion  of  tha  lower  part  of  a  conpresslon  cage* 
The  felt  specimen  to  be  tested  (1*3/4"  by  1*3/4")  was  mounted  in  tha 
bottom  porUon  of  tha  upper  part  of  the  cage  and  clamped  with  a  flat 
steel  plate  containing  a  l-inch  diamater  hole  in  the  center*  (Fig.  1) 
Load  was  measured  by  a  transducer  of  the  unbonded  strain  *  gags  type 
while  displacamant  was  measured  by  a  linear  potentiometer*type  trans¬ 
ducer*  The  resulting  load  *  deformation  curve  en  an  oscillMcope  was 
obtained  with  a  Polaroid  Land  Camera*  Additional  details  concerning 
this  test  have  been  given  previously  (1)* 

BallisUc  Y50  Test 


Tha  felts  to  be  studied  were  all  subjected  to  a  V5gta8t  as 
described  in  "Ballistic  Acceptance  Test  Method  for  Personnel  Amor 
Material"  dated  28  June  1961  (2)*  Essentially  it  is  an  estimate  of 
the  velocity  at  which  one  half  of  the  missiles  fired  will  penetrate 
and  one  half  will  not  penetrate  the  subject  target  material* 

Tensile  Testing 

Strips  of  felt  1  inch  by  6  inches  were  tested  at  12  inches/ 
minute  using  the  matron  Tensile  Tester  and  at  12000  inches/minute 
using  the  Mitex  high  speed  pneumatic  tester*  Both  of  these  instrur 
ments  have  been  described  previously  (1)  Pour  inch  gage  lengths  were 
used  for  the  high  speed  test  to  insure  constant  rate  of  testing* 

EIPSRIMBIITAL  RESULTS 

High  Speed  Penetration 

High  speed  penetration  tests  were  conducted  at  6000  inches/ 
minute  and  peak  load,  disiOaceaniit  and  estimated  work  to  rupture 
tabulated*  The  work  to  rvqpture  values  were  obtained  by  trlaagulation 
to  load*  The  curve  does  not  drop  suddenly  from  this  waxtmiaB 

point  and  an  additional  work  to  rupture  of  the  same  order  of  msfai* 
tods  is  available  as  force  drops  from  maximtmi  to  nearly  aero*  Use  of 
the  entire  area  unier  the  curve  would  therefore  yield  values  for  work 
to  rupture  double  those  listed  in  TaUe  II* 
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TABLE  U 

tMTRATIDN  OH  FBLT  aAMPMS 


Matarial 

Araraga 

Araal 

Danaitr* 

Tot/ft»J 

FL  AcrxUo-l 

3.4 

FL  ltodaos7llo 

3.4 

FL  Fo^jatlulana 

3.4 

FL  Po3jpropgrlaaa 

3.5 

l^lon  C-500-5d 

2.0 

<1  2mr  0«U»  thiek) 

Hrlon  C-500-5d 

4.3 

(2  Hgrars  0.22»  thlok) 

Bflon  0-500-56 

6.5 

(3  lajors  0.33''  tLLoa) 

Hrlon  C-500-56 

6.3 

(1  layor  O.bO**  tUok) 

Hrlon  eo— wrcially 

6.3 

(1  ligru*  0«50"  thlok; 

Faak  Load  Dlaplaoa- 
During  Mnt  Dur- 
Panatration  Ina  Rlao 

Wdrtc  to  Rup- 
tura  bjr  Trl- 
an^aUan 

flC)  7lnT 

“ft-SaT 

214 

0.23 

2.0 

189 

0.29 

2.3 

216 

0.19 

1.7 

396 

0.29 

4.7 

207 

0.29 

2.5 

434 

0.33 

5.9 

666 

0.37 

10.4 

552 

0.29 

6.7 

345 

001 

4J^ 

V50  T—t 

Th*  z^aultc  of  th«  Vco  on  tbo  mom  f olt  aatarioXs  hwro 
boon  mxprmwti  *•  tbt  iroloeitj  at  tho  7y)»  total  adMila  anargjr,  and 
ntasila  anarcf  eorraotad  for  tha  idtaaaa  plata  in  Tabla  HI* 


iABUB  HZ 

BALLSTIC  V;o  RESULTS 


Hatarlal 

.  ’50 

(ft/aeeond) 

FL  Aorrlio-l 

634 

FL  Nodaczyllo 

695 

FL  PoloratHrlana 

553 

FL  Polypropgrlana 

896 

Hrlon  0-500-56 

680 

(1  lajar  .10"  thlok) 

Hrlon  0-500-56 

800 

(1  lajar  .U"  thlok) 

Hrlon  0-500-58 

1050 

(2  lajara  .22"  thlok) 

Hrlon  0-500-56 

1139 

(3  layara  0.33"  thlok) 

Hrlon  0-500-56 

1070 

(1  layar  .60"  thlok) 

Hvlor,  OotBBorclal 

9U 

(1  layer  .50"  thick) 

(ft-lbs )  corractad(ft*-Iba} 


15.2 

U.7 

16.3 

U.8 

11.4 

7.9 

30.5 

27.0 

17.5 

u.o 

24.0 

20.5 

U.6 

38.1 

49.0 

45.5 

43.1 

39.6 

31.5 

28.0 
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last  eolun  oontains  th«  aiaail*  •nargjr  raltMt  dtainlthad 
bjr  3t5  foot  lbs.  to  aooount  for  tho  witaoM  plat*  whloh  is  ut*d  In  th* 
VcQ  tost*  Th*  wltiMss  plat*  is  a  2024r«3  alusdnus  alloj  oapabl*  of 
slopping  a  Hissll*  travsling  up  to  300  f*«t/s*oond,  whloh  Is  squlva- 
l*nt  to  3*5  foot  pounds  of  Idnstlo  «n*rgp. 


Th*  thin  (O.!**)  n**dl*«»punoh*d  njlon  f*lt  mu  suOJ*ot*d  to 
lopaet  ty  th*  *22  oalibor  17  grain  fra^Mnt  sisaalator  at  v*looltl*s 
frm  64O-7OO  f**t/s*ooQd,  n*ar  th*  V50  valu**  A  oon*  was  fonssd  by 
th*  dsforsMtlon^  th*  hslght  of  >ddLeh  was  ussd  to  dstsralns  th*  posl' 
tlon  of  th*  fldLssll*  as  a  funetlon  of  tlM  (Pig.  2).  Ih  Tabl*  XP  th* 
*T*x>ag*  Taluos  of  sdsall*  roloolty  and  nlssUs  *n*rgy  oaloulat*d  fron 
th*  s*T«n  sots  of  photographs  har*  b**n  tabulatsd. 


TABLB  XP 


Th*  *n*rgy  *xtraot*d  fron  th*  aissU*  by  tbs  targst  rarlsd 
quit*  wld*ly  for  th*  sovon  wxporlawnts  yiolding  i^uss  of  10,5*  13«1» 
15*7>  16*7«  15t5»  11.6  and  13*3  foot  pounds  for  an  aTsrag*  of  13t8* 
This  Is  th*  typical  variation  to  b*  *xp*ct*d  from  balllstlo  firings 
n*ar  th*  V50  r*glon  t}h*r*  on*  shot  at  a  glv*n  voloolty  will  p*n*trat* 
tbs  targst  and  wltnsss  plat*  idill*  a  ssoond  shot  at  tho  saas  voloolty 
will  not  even  p*n*trat*  th*  targst. 


Othsr  Infomation  was  also  obtalnod  froa  the  photograidis  of 
th*  oon*  dsforaatlon.  The  bas*  of  th*  oon*  lapands  with  tia*  during 
and  aftor  penetration  and  Bsasuroasnts  of  this  dlasnslon  wsr*  ussd  to 
detemln*  th*  "transverse  wav*  velocity".  Bas*  radius  and  estiaated 
oone  weight  have  b«*n  also  tabulated  in  Tabl*  V  as  indloations  of  th* 
area  of  involv«aent  in  th*  defoTaation  and  of  th*  Idnstlo 
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TABU  V 

BA3B  1J!C  VBLQCmr  AID  COWS  SIZE  AS  A  FUNCTION  OF  TIM8 

Ettioittd  Folt 


Frame 

Mb* 

TIbw 

Microseconds 

Base  Line  Velocity 
_ <ftAec) _ 

Base  Radius 
(inches) _ 

Weight  in 
(no-3  11 

1 

38*5 

.25 

.16 

2 

77.0 

217 

.35 

.31 

3 

116*0 

217 

.45 

.51 

4 

154. 

209 

.55 

.77 

5 

192 

229 

.68 

1.18 

6 

231. 

180 

.76 

1.48 

7 

270. 

146 

•82 

1.71 

8 

308 

208 

.92 

2.07 

9 

346 

208 

1.02 

2.65 

10 

385 

168 

1.09 

3.03 

11 

424 

174 

1.17 

3.49 

12 

461 

156 

1.25 

3.98 

13 

500 

154 

1.32 

4.44 

U 

540 

U8 

1.37 

4.78 

15 

578 

128 

1.43 

5*20 

16 

618 

U9 

1*50 

5.71 

17 

657 

132 

1.56 

6.20 

In  tho  tlM  region  of  Intoroot  tha  klnotle  energy  of  the 
moving  felt  in  the  oone  oould  be  estiaeted  et  about  3*5  foot»pounda  aa 
a  eaxlauB*  Thia  eatlaate  ia  baaed  xtpon  the  entire  felt  oone  aoving 
at  the  nLaaile  velociV*  Hl^r  valuea  which  could  be  calculated 
after  about  10  fraMa  are  meaningleaa  as  the  felt  deviates  from  the 
cone  shape  daannatrating  that  the  felt  velocity  ia  lagging  missile 
velocity* 


In  the  case  of  oomplete  penetration  of  the  felt,  the  mis¬ 
sile  orientation  after  e3d.t  from  the  fait  could  be  studied*  In  most 
cases  a  tumbling  was  iag>arted  to  the  missile  which  reached  velocities 
as  high  aa  1000  revolutions  per  second*  This  tusbling  could  be  either 
clockwise  or  eounterolockvdse  with  reference  to  the  missile's  forward 
motion* 


Tensile  Tests 

The  results  of  tensile  tests  at  two  rates  of  tasting  have 
been  tabulated  for  the  *1  inch  felt  as  breaking  strength,  elongation 
and  estiwited  woxic  to  rupture*  Five  testa  were  conducted  in  each 
direction  and  at  each  speed*  Pour  inoh  gage  lengths  were  used* 
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TABUS  VI 

1BK31LB  TOST  RESULTS 


Breaking 

Wbrk  to 

Felt  Direction 

Rate  of  TesUna 

Strength 

Slongatloo 

Rupture  . 

_iULL 

■jSq--.. 

ft-lbs/ln^ 

M.D. 

300$(/mln 

130 

86 

4.7 

C*D. 

300^/iBln 

97 

84 

3.  A 

H.D* 

300,000^/min 

8S 

78 

4.9 

C.D 

30O!OOQ|C/aln 

91 

80 

3.0 

eggyggjtQS 

Thoutands  of  aatorlal''  «uoh  aa  aMtalo«  oaraaioa^  plaatlos^ 
fabrics  and  falta  have  bean  sukjcetad  to  balUatlo  avaluation.  Ih 
moat  oaaoa  thla  airaluation  has  bean  confined  to  datamlninc  the  V^q 
of  the  aatarlal  against  different  alosiles  at  various  orlentatlone 
and  Inspecting  the  targets  afterviards.  Other  amre  basic  studies  have 
been  concerned  with  coaponents  of  the  target  material*  For  eaouple 
the  stress-strain  properties  of  fibers  sod  yams  have  been  studied 
over  a  vrlde  range  of  strain  rates  (3)«  However^  there  is  no  assurance 
that  we  can  translate  these  yam  nropertles  to  the  perfonmnee  of 
felts  and  fabrics*  Polypropylene  yaxn  should  have  produced  an  excel¬ 
lent  ballistic  fabric  based  upon  Its  high  speed  stress-strain  proper¬ 
ties  but  In  practice  proved  to  be  considerably  Inferior  to  nylon  fab¬ 
ric*  (U»5)  Felts  are  a  particular  case  In  point  beeaxise  their  proper¬ 
ties  are  detemlned  as  mieh  by  the  interaction  of  the  oosponsot  fibers 
as  by  the  properties  of  the  Individual  fibers*  It  was  hoped  that  by 
a  eonibination  of  laboratory  tests  and  photography  of  the  missile-felt 
Interaction!  the  factors  responsible  for  the  performance  of  felts 
could  be  uncovered* 

A  series  of  felts  were  subjected  to  various  laboratory  tests 
In  order  to  detemine  some  osasurable  msohanioal  characteristics  which 
could  account  for  their  ballistic  resistance*  These  tests  have  been 
described  previously*  One  of  these  tests!  the  high  speed  penetration 
test!  ranked  the  felts  in  order  of  their  ballistic  performance*  The 
correlation  between  the  two  tests  was  quite  encouraging  when  eaqureas- 
ed  as  VcQ  as  a  function  of  laboratoxy  work  to  rupture  value*  (1) 
However!  when  the  Vjq  was  expressed  as  an  energy  tem  also  (Fig  3)! 
the  discrepancy  between  the  actual  mavxitude  of  the  energy  extracted 
dxiring  ballistic  penetration  and  the  work  to  rupture  values  from  labo- 
ratoiy  penetration  became  apparent*  The  laboratory  values  were  only 
12  to  SJiJC  of  the  corresponding  missile  energies* 

Seven  years  ago  workers  at  the  Ar^y  Chsadcal  Center  investi¬ 
gated  the  ballistic  penetration  of  nylon  fabric  by  photographing  the 
restating  defonnatlon*  As  a  result  of  this  work  they  estimated  that 
up  to  40^  of  the  missile  energy  extracted  oouU  be  due  to  that  used  In 
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uafing  th«  fabric  rather  than  juat  atratohlng  it  (6)«  This  work  bgr 
Stewart^  Pattaraon,  ttehaux  and  Odall  fumishaa  an  aacoallant  coiapariaon 
for  tha  fait  atudlaa  under  oonaidaration  aa  ons  of  tha  quaationa  to  ba 
answarad  ia  wh|f  fait  ahould  ahow  auparior  balliatio  raaiatanoa  to  fab¬ 
ric* 


Tha  bplon  naadla-punchad  fait  was  aaleotad  for  photographic 
analjraia  both  baoauyia  of  ita  poaaibla  utilisation  in  tha  ballistic  ar- 
Bor  vast  and  baoauaa  ita  thinnaaa  (»1  inch)  ainlBiaas  tha  arror  in  aa- 
tiBBting  Biiaaila  position*  Li  Pig  U  the  raaultant  miaaila  valocitj 
ounra  haa  baan  plotted  aa  a  function  of  fraaa  ntanbar*  Prana  nunbar 
oan  aaaily  ba  ooirrartad  to  time  baoauaa  tha  franaa  are  aaparatad  bgr 
36*5  uioroaaoonda*  Ihdividual  iapoeta  have  baan  studied  for  aa  nany 
aa  40  franaa  after  impact  but  on  tha  average  tha  important  extraction 
of  energy  oooura  within  10  franaa  after  impact*  This  swans  that  all 
useful  Ispadinants  to  tha  paaaaga  of  tha  adaaila  aiat  ba  operative 
within  365  adcroaaoonda  for  thia  miaaila  velocity  range  of  650-700 
faat/aacond*  At  thia  point  (365  sticroaaeonda  after  impAct)  tha  mia- 
aila  anergj  haa  baan  reduced  to  aoout  1/6  of  its  originad  vidua*  With 
one  lagrer  of  ngrlon  fabric  and  a  ndaaile  valooit7  of  500  ft/aaeond  a 
similar  raduotion  in  miaaila  anergjr  was  attained  in  one-half  tha  time* 
(6) 


Fixua  tha  base  line  radius  of  the  felt  at  different  tiawa,  tha 
tranavarsa  wave  valooitgr  aa  a  function  of  time  was  dataminad*  This 
apparent  wave  velocitgr  varies  from  an  initial  217  ft/aeoond  77  miero- 
aeoonda  after  impact  to  166  ft/aeoond  365  raioroseoonda  after  impact 
(Pig  4)«  The  low  estimate  of  felt  weight  involved  baaed  upon  the  base 
olr^e  of  tha  cone  would  7lald  only  3*^t*lba*  in  kinetic  energ7  of 
tha  felt*  Thia  would  ba  2Aj(  of  tha  kinetic  anarg7  extracted  from  the 
miaaila  or  only  one-half  that  found  at  Amy  Chemical  Centei^  for  fab¬ 
ric*  The  major  raaaon  for  this  dlfferanea  is  the  much  higher  tiwna- 
veraa  wave  velocity  of  the  nylon  fabric  compared  to  tha  nylon  felt. 

For  nylon  fabric  this  wave  velocity  varied  from  720  ft/sacond  20 
mioroaaconda  after  impact  to  390  f^/saoond  180  microseconds  after  isH 
pact  whan  60^  of  tha  miaaila  energy  has  bean  removed*  At  thia  point 
29  square  Inches  of  fabric  haa  bean  brought  into  the  cone  as  contrast¬ 
ed  with  only  3*2  square  inches  of  felt  in  the  cone  even  365  mloro- 
seconda  after  impact* 

Based  upon  tha  preceding  one  night  make  a  sort  of  energy 
balance  by  subtracting  25^  of  the  energy  of  the  missile  as  converted 
to  kinetic  energy  of  the  felt.  This  sUU  would  naan  that  tha  labora¬ 
tory  penetration  values  based  on  *771n^  of  felt  would  have  to  be  mul¬ 
tiplied  by  a  factor  of  four.  Tha  penetration  test  values  were  obtain¬ 
ed  by  considering  the  stress-strain  curve  to  maximum  load.  Thera  is 
roughly  an  equal  amount  of  area  under  the  euxva  after  maximum  load. 
Consideration  of  the  total  area  would  reduce  tha  factor  to  two  rather 
than  four.  A  factor  of  two  is  not  unreasonable  idwn  we  oosmare  the 
felt  area  involved  in  the  ballistic  test  with  that  used  for  the  labo- 
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ratoiy  p«nttration  tast*  Howtvtr^  additional  exparioMitation  will  bo 
naeaatarjr  btforo  a  uaaful  enarg7  balanea  oan  bt  obtalnad  and  aa  jot  no 
roaaon  has  boon  adranood  for  tho  suporior  balUotlo  roolotanoo  of  folt 
as  oonparod  to  fabric.  Zn  fact  tho  slower  cons  fomatlon  In  the  felt 
oompared  to  the  fabric  would  load  to  a  prediction  of  poorer  perfona- 
ance  bj  the  felt* 

Ih  canes  wtiere  the  missile  penetrated  the  feltj.  observations 
of  the  missile  orientation  were  made.  Tho  results  of  this  studj  can 
be  shown  in  Fig.  $  where  tumbling  of  the  missile  occurs  at  the  rate  of 
1000  revolutioos/seoond.  The  actual  onergj  of  the  tumbling  is  insig¬ 
nificant  but  possible  use  could  be  made  of  the  phonoasnon  for  stopping 
the  missile  more  easilj  after  penetration*  It  remains  to  bo  deter¬ 
mined  whether  felt  has  this  advantageous  action  even  with  veiy  high 
speed  missiles  or  whether  it  oan  oi^  occur  after  the  missile's  for¬ 
ward  motion  has  been  decreased  to  a  relatlvelj  harmless  value.  Part 
of  this  tuodaling  has  been  observed  prior  to  exit  from  the  felt  but  x- 
raj  photographs  would  be  necessary  to  observe  the  missile  while  hidden 
by  the  felt*  This  same  ability  to  turn  a  missile  has  been  observed  by 
the  author  with  other  targets  and  other  missiles* 

Using  a>st  of  the  criteria  outlined  in  the  preceding  para¬ 
graphs  one  sdght  expect  nylon  fabric  to  be  a  more  effective  ballistic 
amor  than  nylon  felt*  The  major  reason  for  the  exoellmxt  behavior  of 
felte  can  be  seen  from  the  tensile  stress-strain  behavior  at  different 
rates  of  straining*  The  curves  given  in  Fig*  6  are  somewhat  resdnia- 
eent  of  tho  generalised  flow  ourve  for  single  crystals.  Xa  sln^s 
oiystals  thsre  is  sn  initial  "easy  glide"  region  followed  first  by  a 
region  due  to  dielooatlon  pile  up  of  increasing  "strain  hardening"  and 
ended  by  a  region  where  stresses  are  high  onough  for  dislocations  to 
escaps*  Ths  corresponding  regions  of  ths  fslt  ourve  are  an  easy  gilds 
region  where  fibers  are  realigned  followed  by  a  strain  hardening  re¬ 
gion  due  to  interaction  between  fiber  kinks  and  ended  with  a  region 
where  fibers  are  pulled  apart  from  these  kinks  with  end  without  break¬ 
age  •  The  middle  region  is  not  very  strain  rate  dependent  in  perfect 
analogy  with  the  single  crystal  flow  curve. 

Whereas  nylon  fabric  exhibits  an  slongation  of  about  30%  even 
at  static  speeds,  nylon  felt  has  an  elongation  at  break  of  at  300 
Vminute  and  TSbK  at  300,000  ^/minute*  Furthermore  this  elongation  is 
similar  to  a  permanent  plastic  deformation  rather  than  to  the  vieco- 
olastlo  behavior  characteristic  of  most  plastic  and  fibrous  materials* 
The  gage  length  of  the  sample  reconstructed  after  break  is  709^  longer 
than  originally  with  vexy  little  elastic  retraction  after  failure. 

The  "otrain  hardening"  which  takes  place  prevents  localised  necking 
and  favors  maximum  unifom  Involvasmat  of  ths  fslt  undsr  uniform  load¬ 
ing* 

Personnel  in  the  ballistio  field  have  always  hoped  to  utilise 
the  energy  absorbtion  which  characterises  the  drawing  of  polymers  for 
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defeating  nlsslles.  For  this  reason  theoretical  studies  of  the  draw¬ 
ing  of  crystalline  and  amorphous  polymers  are  of  considerable  interest. 
However  it  is  stiil  not  known  whether  the  information  concezning  the 
drawing  of  polymers  in  the  laboratory  will  be  applicable  at  the  high 
strain  rates  characteristic  of  ballistic  speeds.  A  pol^r  which 
draws  at  moderate  rates  of  elongation  may  not  do  so  in  a  ballistic 
test.  The  use  of  discontinuous  media  such  as  the  nonwoven  felts  dis¬ 
cussed  here  nay  be  a  way  of  capitalizing  on  a  different  type  of  draw¬ 
ing  operation  whj.ch  is  not  so  rate  sensitive.  The  "drawing"  operation 
in  the  case  of  felts  involves  alignment  of  fibers  and  fiber  to  fiber 
friction  rather  than  the  strain  rate  dependent  drawing  which  alligns 
molecules#  The  uniform  nature  of  the  "drawing"  cf  felts  due  to  " 
"strain  hardening"  leads  to  greater  energy  absorbtlon  than  woiild  be 
characterized  by  a  local  "necking"  of  the  sample. 

The  fiber  to  fiber  friction  which  is  so  important  in  the  case 
of  felts  should  generate  considerable  heat  and  controlled  measurements 
of  the  heat  rise  could  lead  to  a  better  energy  balance  in  the  future. 

If  subsequent  evidence  verifies  the  hypothesis  advanced  here,  it 
should  be  possible  to  prepare  Improved  ballistic  materials  based  upon 
this  principle.  Plastic,  ceramic  or  metal  fibers  or  whiskers  in  a 
felt  form  or  in  a  matrix  could  yield  some  optimum  value  of  this  fric¬ 
tion  drawing. 
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FIG.  1  LABORATORY  KMETIUTIOIf  TSST 


FIG.  2  CON£  FORMS)  BY  FSLT 
UNDER  IMPACT 
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FRAME  NUMBER  (38.5  MICROSECONDS  PER  FRAME) 

FIG. 4  MISSILE  AND  BASE  LINE  VELOCITIES  AS  FUNCTIONS  OF  TIME 
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FIG  6  STRESS-STRAIN  CURVES  FOR  NYLON  FELT 
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/iN  OPTICAL  SYSTm  FOR  I'ffiASURING  THE  ANGULAR  MOTION  OF 
THE  GUTi  TUBE  AND  THE  PROJECTILE  IN  THE  BORE 


S.  illNrZ 

USA  BALLISTIC  RESEARCH  LABORATORIES 
ABERDEEN  PROVING  GRCUITD,  MARYLAND 


INTRODUCTION 

The  advance  of  technology  since  World  War  II  has  made  it 
possible  to  reduce  many  of  the  errors  associated  with  the  accuracy  of 
fire  of  direct-fired  large-caliber  weapon  systems.  Target  detection 
equipment  has  helped  the  obser’/er  locate  the  target  quickly  and  with 
greater  accuracy  than  ever  before.  Sights  and  sighting  techniques 
have  been  improved  significantly  by  aiming  the  gun  from  ti'.e  muzzle 
rather  than  from  the  breech.  Fire  control  apparatus  and  computers 
have  been  developed  to  provide  accurate  data  for  laying  the  weapon. 

On  the  other  hand,  tanks  and  armored  vehicles  are  now  lighter,  more 
mobile,  and  presen:  a  smaller  silhouette  or  target.  Large  caliber 
guns  mounted  on  these  tanks  and  vehicles  have  longer,  more  flexible 
tubes,  are  lighter  in  weight,  and  lavinch  projectiles  at  much  higher 
velocities  than  their  predecessors.  As  a  result  of  this,  the  accuracy 
of  the  gun-projectile  system  has  become  a  relatively  large  component 
of  the  resultant  accuracy  of  fire. 

In  January  1955>  the  Army  Tank- Automotive  Center  (ATAC) 
requested  that  the  Ballistic  Research  Laboratories  (BRL)  consider  a 
program  titled  "Unpredictable  Inaccuracies  in  Primary  Weapon  Systems 
of  Tanks."  As  a  result  of  this  program  a  literature  survey,  theore¬ 
tical  studies  of  the  motion  of  the  gun,  and  a  number  of  firing  pro¬ 
grams  have  been  carried  out  by  BRL,  In  addition,  several  pieces  of 
special  optical  apparatus  have  been  developed,  one  of  which  is  the 
subject  of  this  paper, 

SOME  FACTORS  WHICH  AFFECT  THE  ACCURACY  OF  FIRE 

When  a  number  of  rounds  are  fired  at  a  reasonably  close 
target,  the  center  of  impact  generally  falls  some  distance  from  the 
point  of  aim.  This  distance  is  a  bias  that  may  be  attributed  to 
constant  factors  which  occur  during  the  launch  and  the  flight  of  the 
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projectile.  A  bias  of  thie  t^pe  can  be  determined  for  different 
rounde  of  amminltlon  and  corrected  In  the  fire  control  system.  Ibe 
random  dispersion  about  the  center  of  impact  Is  produced  by  Incon¬ 
sistent  factors  and  cannot  be  corrected  in  the  fire  control  system. 
Thus,  to  improve  the  accuracy  of  fire  the  random  dispersion  must  be 
reduced. 


G%e  difference  between  the  point  of  aim  and  the  point  of 
iapact  is  associated  in  part  with  the  following  phenomena: 

a.  Malalignment  of  the  projectile  with  the  axis  of  the 

bore. 

b.  Gross  motion  of  the  weapon  produced  by  the  powder 
pressure  couple. 

c.  Impulsive  disturbance  transmitted  by  the  muzzle  to  the 
projectile  during  launch. 

d.  Disturbances  produced  by  muzzle  blast  on  the  projectile. 

e.  Aerodynamic  Junip  associated  with  the  yawing  motion  of 
the  projectile  in  flight. 

Studies  of  the  bias  or  "jump"  and  dispersion  havg  been  in 
progress  for  many  years.  For  example,  in  1899  C.  Cranz*^'  photo¬ 
graphed  the  lateral  vibrations  of  a  rifle  barrel  and  pointed  out  that 
the  vibrations  of  the  bsurrel  and  point  of  impact  on  the  target  varied 
with  different  powder  charges. 

Since  194'5  there  have  been  several  major  Investigations  of 
"jump".  The  first  of  these  includes  the  theoretical  investigations  of 
barrel  vibration  and  their  influence  on  jump  by  Lee,  Sneddon  and 
Parsons  (19U5)  and  the  experimental  work  by  P.  L.  Uffelmann*®’  (19^9- 
1957)  of  England.  In  these  studies  Uffelmann  developed  optical 
systems  for  recording,  in  the  vertical  direction,  anguJ.ar  displace¬ 
ments  of  the  projectile  and  the  muzzle,  and  also  the  linear  displace¬ 
ment  of  the  muzzle. 


Another  major  investigation  includes  the  cooperative 
efforts  of  Gay  and  Elder  of  BRL  R-1070,  May  62.  (5)  liielr  investi¬ 
gations  consisted  of  a  literature  survey  and  a  theoretical  and  experi¬ 
mental  study  of  the  90Bim  Tank  Gun,  T-139*  These  studies  included  the 
effects  of  static  deflection  or  droop  of  the  tube,  crookedness  of  the 
tube,  tube  bend  associated  with  thermal  gradients,  and  methods  of 
calculating  the  motion  of  the  gun  associated  with  the  powder  pressure 
couple  and  also  with  unbalanced  projectiles.  For  the  firing  tests 
the  gun  was  mounted  on  an  M.48  Tank  and  both  the  gun  tube  and  tank 

■*Sup5rscrIpts  in  peurentheses  indicate  references  6.1  the  end  of  this 
paper. 
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vere  Instrumented  to  record  the  anguler  end  linear  dlaplacenenti  of 
the  tube  in  the  vertical  direction.  Fjrcn  the  experinental  data  it  vas 
evident  that  the  measured  motions  accounted  for  only  a  fraction  of  the 
difference  between  the  point  of  aim  and  the  point  of  liqpact.  The 
theoretical  calculations  accurately  predicted  only  the  gross  motion  of 
the  gunj  the  recorded  data  showed  that  large,  high  frequency,  lateral 
forces  arise  from  the  motion  of  the  projectile  which  act  on  the  tube. 
These  motions  must  affect  the  launching  of  the  projectile  and  the 
accuracy  of  fire. 

R.  Ihlll^^)  of  France  recently  described  experiments  to 
study  the  motion  of  the  90n*n  Gun,  105mm  Howitzer,  and  155no  Gun  frcm 
the  time  of  firing  until  the  projectile  leaves  the  muzzle.  This  work 
was  published  in  the  Manorial  de  L'artlllerle  Fjrancaise  and  hopefully 
will  be  translated. 


DEVELOFMSNT  OF  TKB  AFFARATaS 

In  view  of  the  results  obtained  at  BRL,  it  was  decided  to 
develop  an  optical  autocollimator  to  measure  the  angular  displace¬ 
ments  of  the  projectile  and  the  gun  tube  with  respect  to  time.  To 
determine  the  feasibility  of  some  basic  ideas  for  the  optical  system, 
a  number  of  concepts  were  tested  on  sui  optical  bench.  The  more  pro¬ 
mising  components  were  incorporated  Into  a  preliminary  laboratory 
model  which  was  subsequently  tested  In  firings  with  a  57nm  Gun.  A 
schematic  diagram  of  the  final  optical  system  is  shofwn  in  Figure  1, 

The  optical  system  hais  a  cerbon  arc  light  source  and  a 
condensing  lens  which  focuses  the  light  on  a  pinhole  located  at  the 
focal  point  of  the  off-axis  paraboloidal  mirror.  A  rotating  per¬ 
forated  disc.  Just  forward  of  the  pinhole,  interrupts  the  light  to 
establish  time  marks  on  the  trace  and  to  furnish  orientation  points 
for  correlating  the  various  records.  The  mirror,  set  at  45°  to  the 
optical  axis,  has  a  half-silvered  elliptical  section  at  the  center  to 
pass  the  light  from  the  pinhole  to  the  paraboloidal  mirror.  Prom  the 
off-axis  paraboloidal  mirror,  the  parallel  light  is  directed  to  a 
front -surfaced,  plane  glass  mirror  set  up  forward  of  the  muzzle  to 
reflect  the  light  down  the  gun  tube.  Front-surfaced,  plane  glass 
mirrors  bonded  to  the  front  of  the  projectile  and  to  steel  brackets 
welded  to  the  gun  tube  reflect  the  light  back  over  the  same  optical 
path  to  the  front  surface  of  the  mirror  set  at  45°  to  the  optical 
axis.  At  this  point  the  returning  light  is  reflected  to  the  outer 
surface  of  a  rotating  drum.  A  shutter,  placed  inmedlately  in  front 
of  the  drum,  is  used  to  control  the  exposure  time  of  the  film  attached 
to  the  outer  surface  of  the  drum.  Some  details  of  the  cozoponents  of 
the  system  are  given  below: 

a.  Light  Source 

A  number  of  different  light  sources  were  tried  in  the 
optical  system  Including  a  mercury  arc,  zirconium  arc,  carbon  arc  and 
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«  xtnon  high-speed  fleshing  leap.  Of  these  light  sources,  the  cerbon 
ero  leaiqp  provided  the  best  treees  beeeuse  of  Its  high  Intrinsic  brll- 
lienee  end  its  eadsslon  In  the  blue  region  of  the  spectrum. 

b.  Condensing  Lens 

A  WoUensak-Dumont  CRO  Lens,  f:l>9«  was  evelleble 

end  edequete  for  the  condensing  lens. 

c .  Pinhole 

The  pinhole  ves  aede  In  e  thin  piece  of  phosphor-bronze 
shim  stock  end  checked  with  en  optlcel  conperator  to  Insure  that  the 
hole  ves  clreuler.  To  determine  the  minimum  size  pinhole  that  could 
be  used,  en  Investlgetlon  ves  conducted  on  an  optical  bench  vith  a 
variety  of  different  diameter  pinholes.  The  results  of  this  investi¬ 
gation  shoved  that  the  smallest  diameter  pinhole,  free  of  diffraction 
effects,  vaa  one  vith  a  diameter  of  0.011  inch.  It  is  important  to 
use  a  small  pinhole  diameter  because  the  vidth  of  the  recorded  traces 
is  fixed  by  the  diameter  of  the  light  source  and  the  quality  of  the 
optical  components. 

d.  Light  Interrupter 

The  light  Interrupter  consists  of  a  disc  vith  a  series 
of  equally  spaced,  small  diameter  holes  drilled  near  the  outer  edge. 
It  is  turned  by  a  consteuit  speed  motor.  To  minimize  the  cross  sec¬ 
tional  area  of  the  cone  of  light  cut  by  the  Interrupter  and  thus  give 
sharp,  vell-deflned  breaks  in  the  trace,  the  disc  is  located  close  to 
the  pinhole. 


e.  Off-Axis  Paraboloidal  Mirror 

An  off-axis  paraboloidal  mirror  vith  a  diameter  of  10 
inches  and  a  focal  length  of  1^7.9  inches  is  the  main  element  of  the 
optical  system.  Deviations  from  the  mathematical  figure  (surface) 
are  less  than  one-eighth  of  a  vave  length  of  the  sodium  D  line. 

A  lens  vas  first  considered  because  it  vould  have 
simplified  the  layout  of  the  optical  system.  However,  a  cooparable 
lens,  corrected  for  ehromatlc  aberration,  cost  about  four  times  more 
■khAn  the  off-axis  pazaboloidal  mirror.  We  had  to  consider  that  the 
system  vould  be  exposed  to  muzzle  blast  suid  the  lens  might  be  broken. 

f.  Plane  Mirror 

The  plane  mirror  which  is  placed  several  feet  forward 
of  the  muzzle  is  a  front-surfaced,  first  quality,  l/4-inch  plate 
glass  mirror,  10  x  10  Inches  square.  Deviations  in  the  flatness  of 
the  mirror  are  less  than  eight  vave  lengths  over  a  distance  of  one 
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inch*  The  loizror  must  b«  z^placcd  MCh  rovind  bccciusd  the  pro¬ 

jectile  hits  it. 

g.  Mirrors  on  the  Projectile  and  Qun  Tube 

Front-surfaced,  plane  glass  mirrors  of  either  I-1/6 
Inches  or  2  inches  in  diaitteter  are  bonded  to  the  projectiles  and  the 
brackets  on  the  gun  tube.  The  quality  and  thickness  of  the  glass 
mirrors  is  the  same  as  that  of  the  plane  mirrors  placed  forward  of 
the  muzzle. 


h.  Half-Silvered  Mirror 

The  mirror  consists  of  Borosilicate  crown  No.  2  glass, 

6  X  6  X  1/2  Inches,  with  deviations  in  flatness  of  less  than  two 
wavelengths.  The  front  surface  is  fully  aluminized  and  overcoated 
with  silicon  monoxide  except  for  the  elliptical  area  In  the  center 
which  Is  coated  with  titanium  dioxide.  Aj^oximately  50^  of  the 
light  which  strikes  the  elliptical  area  is  transmitted  amd  50^  is 
reflected.  By  designing  the  mirror  in  this  way  the  maximum  amount 
of  light  is  reflected  back  to  the  film. 

I.  Shutter 

The  shutter,  located  on  the  housing  for  the  rotating 
drum,  has  a  ^-Inch  diameter  aperture  with  three  leaves  actuated  by 
a  sclenoid.  Approximately  30  ms  sure  required  to  fully  open  and  fully 
close  bhe  shutter  leaves.  The  operation  of  the  shutter  is  controlled 
by  an  electronic  sequence  timer, 

J ,  Rotating  Drum 

The  rotating  aluminum  drum  is  10  Inches  in  diameter  and 
6  inche.j  wide.  The  drum  is  driven  by  a  motor  and  gear  train  from  an 
electric  drill.  Power  is  supplied  through  a  Variac  (voltage  control) 
to  change  the  speed  of  the  drum.  The  drum  speed  can  be  varied  from 
300  to  2500  rpm  (film  speed  160-1300  inches  per  sec)  depending  on 
the  duration  of  the  phenomena  to  be  recorded. 

k.  Recording  Film 

Kodak  Llnagraph  Shellburst  Pan,  Gray  Base  film  is  used 
to  record  the  trace  of  the  light  spot.  The  film  is  purchased  in 
strips  that  are  attached  to  the  surfsuse  of  the  drum  with  cellophane 
tape.  This  film  was  selected  because  of  its  high  contrast,  high 
writing  speed  and  blue-sensitivity.  Color  sensitivity  is  important 
because  blues  are  dominant  in  the  carbon  arc  source  and  the  muzzle 
flash,  which  tends  to  fog  the  film,  includes  reds  and  yellows, 

llie  field  model  of  the  optical  system,  shown  in  Figure  2 , 
was  mounted  on  a  heavy  aluminum  plate.  A  housing  was  added  to  keep 
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out  extraneous  light  and  to  protect  the  conponents  from  muzzle  blast, 
dust  cuid  paHlclee  of  the  mirror  brCken  by  the  projectile.  The  three 
adjustable  legs  are  for  aligning  the  optical  system  In  the  field, 

VhBti  the  field  model  of  the  optical  system  was  delivered 
to  the  laboratory  there  was  a  great  deal  of  curiosity  and  Joking 
among  our  colleagues.  As  a  result,  the  coffin  was  named  "ODD  SAM"; 
the  letters  refer  to  Optical  Device  for  Determining  Small  Angular 
teasurements.  ~  ^  -  - 

The  optical  componento  were  carefully  aligned  euid  checked 
to  optimize  the  image  quality  over  the  entire  recording  plane.  Next, 
the  system  was  calibrated  In  both  the  vertical  and  horizontal  direc¬ 
tions.  A  graph  of  the  calibration  is  given  In  Figure  5,  The  cali¬ 
bration  shows  that  the  system  is  extremely  linear  with  a  sensitivity 
of  0.09593  inch  per  mil.  The  sensitivity  or  angular  deflection  can 
also  be  calculated  frdn  the  usual  equation  for  an  optical  le/er: 

D  2£it 

'  5  '  5200  ' 

D  =  deflection  of  the  trace  on  the  photographic 
record.  Inches. 

a  a  angular  deflection  of  thC  projectile  or  gun 
tube,  mi.ls. 

Jt  =  focal  length  of  the  off-axis  paraboloidal 
mirror,  inches . 

s/5200  =  conversion  factor  for  changing  mils  to  radians. 

The  maximum  anguleur  measurement  is  fixed  by  the  radius  of 
the  paraboloidal  mirror  end  the  distance  from  the  paraboloidal  mirror 
to  the  mirror  on  the  projectile.  As  the  projectile  travels  down  the 
bore  the  distance  is  decreasad  and  the  maximum  anguleu:  measurements 
for  the  projectile  are  increased. 

Quarter- inch,  plate  glass,  front-surfaced  mirrors  are  bonded 
to  projectiles  and  the  brackets  on  the  gun  tube  with  epoxy  resin.  Of 
the  various  adhesives  that  have  been  tested,  the  epoxy  is  best  because 
it  is  strong  and  cures  without  shrinking  and  warping  the  mirrors, 
linages  formed  by  a  waited  mirror  can  readily  be  detected  since  the 
epot  1s  large  and  diffuse. 

To  mount  mirrors  at  various  stations  along  the  gun  tube, 
small,  steel,  triangular- shaped  brackets  are  fabricated  from  bar  stock 
aud  welded  to  the  gun  tube  as  Illustrated  in  Figure  1.  A  circular, 
recetised  portion  is  milled  into  the  front  of  the  bracket  and  three 
fine  adjustment  screws  are  set  in  from  the  rear  for  alignment.  Epoxy 
resin  is  used  to  bond  the  small  circular  mirrors  to  the  brackets. 
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Rubber  bands  are  used  to  hold  the  mirrors  against  the  ends  of  the 
adjustment  screws  while  the  cement  hardens.  Tills  alignment  Is  carried 
out  with  the  gun  and  optical  system  set  up  In  the  field. 

MEASUREMBMTS  OP  THE  GUN  TUBE  MD  HIOJECTILBS 

Measurements  are  made  with  a  stargage  of  the  diameter  of  the 
bore  at  fixed  Increments  of  displacement  ovei-  the  total  length  of  the 
gun  tube.  These  values  are  correlated  with  measurements  of  the  pro* 
Jectile  to  determine  the  clearances  and  the  maximum  yaw  which  can 
take  place  In  the  bore.  Previous  studies  indicate  that  yaw  intro¬ 
duced  in  the  bore  tends  to  grow  appreciably  after  emergence  from  the 
muzzle. 


In  accuracy  studies  it  is  desirable  to  minimize  the  trans¬ 
verse  motions  of  the  g’jn  tube.  This  can  best  be  accomplished  by 
weighing  and  statically  balancing  the  recoiling  parts  so  that  the 
center  of  gravity  is  on  the  center  line  of  the  bore.  Under  such 
conditions  the  force  due  to  the  powder  pressure  acts  directly  through 
the  center  of  gravity,  and  transverse  motion  is  practically  elimi¬ 
nated.  If  the  position  of  the  muzzle  does  not  change,  the  flight  of 
the  projectile  should  not  be  affected  by  transverse  velocity  compcn- 
ents  induced  by  motion  of  the  tube  during  launch  and  by  unsymmetrical 
gas  flow  around  the  projectile  in  the  blast  regime. 

A  number  of  physical  measurements  are  made  on  the  projec¬ 
tiles  fired  in  the  tests.  These  Include:  O.D.  of  the  bourrelet, 

O.D.  of  the  rotating  band,  overall  length,  distance  from  the  center 
of  the  rotating  band  to  the  forward  edge  of  the  bourrelet,  longi¬ 
tudinal  position  of  the  center  of  gravity,  weight,  static  unbalance, 
longitudinal  moment  of  inertia,  and  transverse  moment  of  inertia. 

By  systematic  variations  of  these  physical  parameters,  it  is  expected 
that  their  effect  on  accuracy  can  be  established. 

TEST  PROCEDURE 

The  gun  is  set  up  with  its  trunnions  horizontal  and  the  tube 
accurately  layed  or  aimed  at  a  target  several  hundred  feet  down  range 
with  a  muzzle  sight.  The  optical  system  is  set  up  so  that  its  axis 
coincides  with  the  axis  of  the  tube  at  the  muzzle,  as  shown  in  Figure 
4.  Preliminary  alignment  of  the  system  is  done  in  daylight;  the  final 
adjustments  are  carried  out  in  darkness,  just  before  firing.  The  tests 
are  conducted  either  in  daylight  with  a  black  plastic  shroud  built 
over  the  gun  and  optical  system  or  at  night.  Parts  of  the  plastic 
shroud  must  be  replaced  after  each  round  because  of  the  muzzle  blast. 

The  projectile  is  loaded  after  the  optical  system  is 
aligned.  Extreme  care  is  taken  to  be  sure  that  the  rotating  band  Is 
properly  seated  and  that  the  radius  vector  scribed  on  the  base  of  the 
projectile  is  properly  oriented.  The  vector  marks  the  radial  loca¬ 
tion  of  the  center  of  gravity  in  a  statically  unbalanced  projectile. 
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Ulia  radial  position  of  the  center  of  gravity  when  the  projectile 
emerges  cem  be  calculated  from  the  twist  and  the  length  of  the 
rifling.  To  measure  the  angular  orientation  of  the  radius  vector  of 
the  projectile  In  the  chamber,  the  special  c^tlcal  device,  shown  in 
Figure  %  was  developed.  It  consists  of  a  cartridge  case  with  a  lamp 
mounted  on  the  inside  of  the  case  and  a  level,  a  telescope  with  cross¬ 
hairs,  and  a  protractor-eyepiece  set  into  the  base  of  the  case.  After 
the  measurement  has  been  made,  a  shortened  cartridge  case  with  the 
propellant  and  an  electric  primer  Is  loaded  into  the  chamber. 

TOie  electric  primer  (firing)  is  initiated  through  a  micro- 
switch  operated  by  the  shutter  on  the  optical  system  when  it  is  fully 
open.  Subsequent  events  and  operation  of  the  auxiliary  instrumenta¬ 
tion  are  controlled  by  a  sequence  timer  composed  of  relays  actuated 
by  electronic  counters.  The  traces  on  the  optical  record  disappear 
when  the  projectile  shatters  the  mirror  in  front  of  the  muzzle. 
Imsisdlately  thereafter,  the  sequence  timer  "turns  off"  all  the 
instrumentation. 

A  number  of  avixlllary  measurements  are  made  in  addition  to 
the  optical  measurements  of  the  angular  motions  of  the  projectile  and 
the  gun  tube.  These  include  the  following: 

a.  Chamber  pressure  vs  tlme(^) 

Stz«ln-resl6tance  pressure  gages  are  mounted  in  the 
base  of  the  cartridge  case.  A  complete  pressure-time  history  for 
each  round  Is  obtained  with  a  cathode-ray  oscillograph  and  its  auxil¬ 
iary  apparatus.  These  records  are  the  forcing  function  for  the 
antlon  of  the  projectile  and  the  gun. 

b.  Displacement  of  the  projectile  vs  tlme(^) 

Microwave  Interfercineter  instrumentation  is  used  to 
measure  the  position  of  the  projectile  relative  to  a  fixed  point. 

c.  Displacement  of  the  gun  tube  vs  time 

A  displacement-time  recorder  is  set  up  with  a  reflector 
attached  to  the  recoiling  parts.  As  the  gun  recoils,  the  displace¬ 
ment  of  the  reflector  is  recorded  with  respect  to  time.  By  adding 
the  dieplac«nent  of  the  gun  tube  to  the  displacement  of  the  projec¬ 
tile  measured  with  the  microwave  interferometer,  one  can  determine 
the  position  of  the  projectile  in  the  bore  at  any  instant  in  time. 

d.  Fiducial  marks 

Fiducial  marks  are  placed  on  each  of  the  auxiliary 
records  when  the  electric  primer  is  initiated  and  when  the  rotating 
band  or  front  of  the  projectile  «nerges  from  the  muzzle.  The  firing 
voltage  is  used  to  trigger  one  of  the  fiducial  circuits  and  the  other 
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Is  triggered  ty  the  projectile  as  it  contacts  several  insulated  meted 
probes  located  at  the  muzzle. 

Obturation  of  the  projectile  in  the  bore  has  been  one  of 
the  most  difficult  problems  since  small  quantities  of  powder  gas 
lealting  by  the  projectile  obscure  the  light.  In  tests  conducted  thus 
far,  it  has  been  found  that  obturation  generally  breaks  down  during 
the  initial  sealing  period  or  when  the  projectile  is  within  a  few 
feet  of  the  muzzle.  As  the  projectile  approaches  the  muzzle  It  may 
be  exposed  to  high-freq  ency  vibrations  in  the  barrel  which  may  break 
the  seal.  To  minimize  this  problem,  rubber  base  obturators  or  obtura* 
tors  at  the  rotating  band  have  been  used.  Band  obturators  of  rubber 
or  fiber  are  preferred  since  they  provide  less  constraint  to  the 
angular  motion  of  the  projectile. 

Excessive  muzzle  flash  has  also  been  a  problem  with  some 
propellants.  To  reduce  the  flash  to  an  acceptable  level,  potassium 
sulfate  may  be  added  to  the  propellant,  or  the  kind,  web  size,  amd 
the  weight  of  propellant  may  be  altered. 

When  the  rotating  band  leaves  the  muzzle,  the  expanding  gas 
and  smoke  surround  the  projectile  until  the  gas  is  slowed  by  the  air 
and  the  projectile  passes  through  it.  Since  the  smoke  obscures  the 
mirror,  the  trace  is  often  lost  during  this  time. 

ieASUHEME3n?S  AND  REDUCTION  OF  DATA 

A  typical  record  obtained  with  the  optical  system  is  shown 
in  Figure  6.  The  record  consists  of  three  separate  traces:  the 
upper  one  is  the  angular  motion  of  the  muzzle;  the  middle  one  is  the 
angular  motion  of  the  projectile  and  the  bottom  one  is  a  fixed  refer¬ 
ence  trace  from  which  all  measurements  are  made.  1%e  small  mirror 
used  for  the  fixed  reference  trace  is  attached  to  a  rigid  support  in 
the  optical  path  somewhere  between  the  off-axis  paraboloidal  mirror 
and  the  muzzle  of  the  gun.  The  breaks  in  the  traces  do  not  provide 
an  accurate  time  scale.  To  obtain  this,  a  miniature  pdiotocell  in  the 
optical  system  monitors  the  interrupted  light.  Its  output  signal  is 
recorded  by  a  cathode-ray  oscillograph  simultaneously  with  that  from 
a  crystal -controlled  time  standard  so  that  the  llstance  between  the 
breaks  can  be  converted  to  true  time.  Long  breaks  and  long  traces 
on  the  records  make  it  easier  to  orient  them  with  the  firing  and 
muzzle  contact  fiduciajs  on  the  cathode-ray  oscillograph  record. 

Records  msuie  with  the  optical  system  are  not  restricted  to 
three  traces  as  shown  in  Figure  6.  The  motion  at  any  number  of  sta¬ 
tions  along  the  gun  tube  can  be  recorded  simultaneously  with  that  of 
the  projectile.  Each  mirror  bracket  must  be  welded  to  the  gun  tube 
so  that  it  falls  within  the  circular  field  of  Incident  light  and  does 
not  block  the  light  to  any  of  the  other  stations. 


161 


LBKTZ 


The  coordinate  system  shown  in  Figvire  7  Is  used  in  the 
measurement  and  analysis  of  the  records.  In  this  figure: 

X  =  horizontal  axis 

Y  a  vertical  axis 

Z  B  axis  of  the  hore  at  the  muzzle 

6  =  the  angle  between  the  axis  of  the  projectile  and  the 
axis  of  the  bore 

0  B  the  orientation  of  the  plane  containing  the  axis  of 
the  projectile  and  the  axis  of  the  bore. 

Records  from  the  optical  system  are  placed  in  a  Universal 
Telereader  to  measure  the  x  and  y  components  of  each  trace  at  the 
leading  or  the  trailing  edge  of  each  breah.  To  Illustrate  the  proce¬ 
dure  by  which  each  component  Is  read,  an  example  is  shown  In  Figure  8. 
All  measurements  are  made  with  respect  to  corresponding  points  of  time 
on  the  fixed  reference  trace.  Prior  to  the  test,  the  x  and  y  compo¬ 
nents  of  the  angle  between  the  axis  of  the  bore  at  the  muzzle  and  the 
fixed  reference  trace  are  measured  by  placing  a  muzzle  bore  sight  In 
the  tube  with  a  mirror  aligned  perpendicular  to  the  axis  of  the  bore. 

The  measurements  from  the  Universal  Telereader  are  tabulated 
by  an  IBM  Electric  Typewriter  and  also  on  IBM  cards  by  a  Printing 
Card  Punch.  To  convert  the  raw  data  to  actual  time  and  angle  the 
calculations  are  programmed  for  BRLESC,  the  BRL  high-speed  computer. 
The  output  from  the  BRLESC  Is  printed  on  teletype  paper  and  also 
punched  on  IBM  cards.  The  card  output  provides  data  points  for  the 
automatic  plotter. 

A  typical  plot  of  the  results  is  shown  In  Figure  9  •  Note 
the  similarity  to  the  exterior  ballistioians  *  plots  of  yaw.  Other 
plots  of  the  results,  such  as  6,  6  ,  6  ,  and  0  versus  time,  can  be 
made  to  study  their  variations.  ^  ^ 

SUMMARY 

This  apparatus  now  makes  It  possible  to  observe  bhe  very 
small  emgular  motions  of  a  projectile  in  the  gun  tube.  An  analysis 
of  this  motion,  combined  with  that  of  the  other  experimental  results, 
will  provide  better  insight  as  to  the  forces  and  constraints  acting 
on  the  projectile.  By  correlating  these  experimental  results  with 
theory,  it  is  hoped  that  design  criteria  and  tolerances  can  be  estab¬ 
lished  to  improve  the  accuracy  of  fire. 
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FIGURE  2 -FIELD  MODEL  OF  OPTICAL  SYSTEM 
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FIGURE  3  -CALIBRATION  OF  OPTICAL  SYSTEM 
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FIGURE  6 -PROCEDURE  FOR  READING  RECORD 
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RADIATION  BIODOSIMETRY  AND  SCREENING 
FOR  RADIOPROTECTIVE  COMPOUNDS 


KILLED  S.  LEVINSON  and  ESTHER  B.  GARBER 
U.  S.  ARMI  NATICK  LABORATORIES 
NATICK,  MASSACHUSETTS 

INTRODUCTION 

This  work  has  its  origins  in  studies  on  bacterial  spores  in 
our  laboratories  (5)  in  which  it  was  found  that  dipicolinic  acid, 
which  is  usually  firmly  bound  within  the  spores  of  Bacillus  megaterlum, 
is  released  from  the  irradiated  spore.  When  dry  spores  were  irradi¬ 
ated  imder  the  electron  beam  of  a  2,000,000  electron  volt  Van  de 
Graaff  accelerator,  there  was  a  linear  relationship  between  dipico¬ 
linic  acid  release  and  dose  in  the  range  from  8  x  10®  to  1.6  x  10® 
rads.  Spores  of  Clostridium  sporogenes  (Putrefactive  Anaerobe  36T9) 
irradiated  under  the  same  conditions,  released  no  dipicolinic  acid 
until  the  irradiation  dose  reached  ca  2  x  10®  rads  and  the  amount  of 
dipicolinic  acid  released  increased  with  dose  \intll  ca  7.5  x  10®  rads. 

The  present  experiments  were  undertaken  to  explore  the 
possibility  that  the  release  of  intracellular  substances  from  living 
cells  might  form  the  basis  for  a  useful  system  of  dosimetry.  We  felt 
that  a  "biodosimeter"  in  which  there  was  a  direct  relationship 
between  dose  of  radiation  and  amount  of  substance  released  would  be 
particularly  significant  in  experiments  involving  irradiation  of 
microorganisms.  Biodosimetry  might  be  superior  to  chemical  dosimetry 
for  application  to  radiation  sterilization  problems  because  factors, 
such  as  temperattire,  might  affect  the  dosimeter  organism  and  the 
microorganisms  under  investigation  similarly. 

Further,  we  postulated  that  radioprotective  chemicals 
also  protected  microorganisms  from  loss  of  these  Intracellular  sub¬ 
stances,  the  method  might  be  adaptable  to  the  screening  of  radio- 
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protective  compounds.  Such  a  screening  procedure  would  have  obvious 
time  and  cost  advantages  over  the  usual  methods  involving  use  of 
laboratory  animals. 

MATERIAIg  AMD  METHODS 

Orgeuilsm  -  Since  one  object  of  this  Investigation  was  to 
devise  a  readily  available  system  for  radiation  blodoslmetry,  a  test 
organism  which  could  be  procured  at  a  reasonable  cost  and  In  large 
quantity,  was  required.  O'Brien  (9))  Melssel  (6),  Swenson  (ll),  and 
Spoerl  et  (lO)  have  reported  that  Irradiated  yeast  cells  undergo 
alterations  In' permeability  accompanied  by  release  of  Inorganic 
phosphorus  Into  the  suspending  medium,  and  that  Irradiation  effects 
the  depolymerization  of  highly  polymeric  phosphorus  containing  com¬ 
pounds.  In  these  exploratory  Investigations  we  have  used  suspensions 
of  bakers'  yeast,  Saccharomyces  cerevlslae.  as  our  test  organism. 

This  organism  Is  produced  under  remarkably  uniform  conditions  and  Is 
easily  and  Inexpensively  procured  commercially  -  we  purchase  our 
supply  from  a  local  bakery  at  35  cents  per  pound. 

On  the  day  before  Irradiation  or  heating,  approximately  30  g 
of  fresh  yeast  were  washed  3  times  by  suspending  In  1^0  and  centri¬ 
fuging.  The  washed  yeast  was  resuspended  in  %0  and  the  concentration 
of  yeast  was  adjusted  so  that  1.3  ml  diluted  to  100  ml  gave  a  reading 
of  145  in  the  Klett-Summerson  photoelectric  colorimeter  (36O  im*). 
Approximately  UOO  ml  of  this  double  strength  yeast  suspension  (Yq), 
containing  ca  30  mg  of  yeast  (dry  weight)  per  ml,  or  ca  10®  cells  per 
ml,  were  obtained  from  30  g  of  yeast.  For  heating  or  irradiation,  Yq 
was  mixed  with  an  equal  volume  of  water  or  of  buffer. 

Irradiation  -  Yeast  suspensions  (usually  I3  mg  of  yeast  per 
ml)  were  pipetted  into  test  tubes^  (l7  x  100  mm),  7  ml  of  suspension 
per  test  tube.  These  test  tubes,  in  ■wooden  racks  on  a  conveyor,  were 
irradiated  In  the  1.0  megacurie  Co®®  source  at  the  Radiation  Facility, 
U.  S.  Army  Natick  Laboratories.  For  100,000  rads,  the  conveyor  was 
run  thro\jgh  the  source  at  a  rate  of  approximately  3*8  feet  per  min. 
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Disposable  "Hi-Ten^)"  polyethylene  test  tubes  produced  by  Falcon 
Plastics,  Los  Angeles,  California. 
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Farroua-ooppar  doalMtara  wara  Inoludad  with  aaoh  run.  Aftar  aaoh 
paaa  throu^  tha  aouroa  (^arally  100^000  or  200,000  rada  par  paaa), 
tha  taat  tul»aa  oontainlng  yaaat  auapanalon  wara  ahakan  and  invartad  to 
kaap  tha  yaaat  In  \mifom  auapanalon. 

Haatlng  -  In  aoma  axpartnanta,  ^ara  haatln^  vaa  uaad  aa  a 
modal  ayatam,  yaaat  auapenalona  In  plaatlo  taat  tubaa  wara  haatad  at 
60  C  in  a  tharmoatatioally  oontrollad  watar  bath  for  varying  parloda 
of  time. 


AnaLvaia  -  After  irradiation  or  heating,  tha  yaaat  auapan- 
alona  ware  oantriguged,  tha  aupamatant  aolutiona  wara  oolleotad  and 
analyzed  for  inorganic  phoaphata  (P)  and  for  amino  nitrogen 
F  waa  determined  by  tha  method  of  Flake  and  SubbaRow  (2),  uaing  tha 
Klatt-Summaraon  oolorimatar  (660  m^  ).  Aftar  hl^  doaaa  of  radiation, 
or  aftar  prolonged  heating,  addition  to  aupamatant  of  ammonium  moly¬ 
bdate  -  H2S0^  (in  tha  Flaka-SubbaRow  method)  yielded  a  turbid  aolution 
which  interfered  with  the  taat.  In  auoh  oaaaa,  tha  aupamatant  waa 
treated  with  trichloroacetic  acid  (TCA)  to  give  a  concentration  of  8^ 
TCA,  centrifuged,  and  the  TCA-aolubla  material  taatad.  HH2-N  waa 
eatimatad  by  ninhydrln  reactivity  in  tha  method  of  Moore  and  Stain  (6) 
with  BL-alanina  aa  tha  atandard. 

Other  evidanoa  for  daatruotion  of  tha  aalaotlva  permeability 
of  call  mambranoaa  and  for  loaa  of  intracellular  material  from  yaaat 
cella  waa  alao  explored.  For  example,  tha  turbidity  of  Irradiated 
yeaat  auapenalona  (diluted  It^O),  estimated  by  light  ^ranamittanoa  in 
the  Klett  lnetrument(^60  mfi  ),  decreased  with  irradiation,  but  the 
magnitude  of  the  change  (Klett^gO  of  auapenalona  irradiated  at 
2  X  10^  rads  was  85^  of  Klett^gO  of  unirradiated  suspensions)  waa  in¬ 
sufficient  for  use  in  routine  doaimetzy.  It  waa  alao  found  that  sub- 
stanoea  with  absorption  maxima  at  260  mfi  (probably  nucleic  acid 
derivatives)  were  exuded  from  irradiated  yaaat.  The  absorbance 
( 01)260  >  Beckman  Modal  BU  Spectrophotometer)  of  supematanta  increased 
from  0.07  for  supernatants  of  unirradiated  yaaat  suspensions  to  oa 
lO'.O  (OB  X  dilution)  for  supernatants  of  suspanslons  irradiated  at 
2  X  10^  rads.  Work  on  these  systems  (particularly  OB  measurement  at 
260  m/i  )  is  continuing,  and  we  shall  not  dlacuss  them  further  in  this 
paper. 

Survival  -  Appropriately  diluted  suspensions  of  yeaat  were 
plated  on  Ifyoophll  Agar,  pH  4.7  (Baltimore  Biological  Laboratory). 
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Iht  agar  platea  were  Incubated  at  28  C  for  6  daya  and  the  number  of 
colonlea  waa  counted.  Percentage  aurvlval  waa  calculated  by  compari¬ 
son  with  aimllarly  plated  unlrradlated  yeast  auapenrlons. 

AMD  D18CU3SI0N 

Heating  Experiments  -  In  some  of  our  earlier  experiments , 
heating  was  used  as  a  model  system,  ^.e. ,  to  simulate  changes  that 
might  occur  on  Irradiation. 

The  choice  of  a  suitable  Index  for  the  release  of  Intra¬ 
cellular  material  was  one  of  the  first  problems  to  arise.  Riosphorus 
and  nltrogen-contadnlng  conpounds  are  among  the  most  abundant  In  a 
cell.  We,  therefore,  tested  the  supernatant  solutions  from  heated 
yeast  for  the  presence  of  these  eaally  detectable  substances,  and 
found  that  heating  Increased  the  release,  from  yeast  cells,  of 
Inorganic  P  and  of  MHb-N.  Several  factors  affect  the  heat- Induced 
release  of  these  substances: 

(l)  Suspending  fluid  •  The  sen'iltlvlty  of  yeaiat  cells  to 
heat-induced  loss  of  Intracellular  substances  depends.  In  some 
measure,  on  the  suspending  fluid.  Cells  suspended  In  2-amlno-2- 
hydroxymethyl-l,3-propanedlol  [  =  tris  (hydroxymethyl)  amlnomethane  = 
Trls  buffer*]  or  In  water  lost  more  P  and  MI^-N  than  cells  suspended 
In  sodl\]a  cacodylate  (dlmethylarslnate)  buffer  (table  l).  It  Is 
apparently  necessary  to  consider  the  suspending  fluid  as  a  factor  In 
Investigation  of  the  radlatlon-lnduced  release  of  intracellulao'  sub¬ 
stances. 


It  is  of  some  interest  that  99 >99^  of  the  yeast  cells  in  a 
water  or  Tris  suspension  were  killed  erfter  10  min  exposure  to  60  C. 
Practically  all  the  release  of  inorganic  P  and  of  Nlfc-N  took  place 
after  the  cells  had  been  killed  ( cf  table  l) .  !nie  release  followed 
soon  after  death  in  water  and  Tris  suspension,  but  release  of  these 
substances  from  yeast  suspended  in  cacodylate  was  delayed.  This  delay 
is  not  reflected  in  survival  curves,  the  cells  being  killed  as  in 
water  suspension.  That  is,  although  cacodylate  protects  to  some 


*  Unless  otherwise  indicated,  all  buffers, neutralized  with  HCl  or 
NaOH,  were  used  at  0,05  M. 
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dttgrct  against  haat-lnduced  loss  of  Intraoallular  material,  it  does 
not  protect  yeast  against  thermal  destruction  of  the  colony- forming 
capacity. 

Ihe  release,  Into  the  suspending  medium,  of  substances  pre¬ 
viously  bound  within  the  cell,  may  be  due  either  to  destruction  of  the 
semi -permeable  character  of  the  cell  membrane,  or  to  depolymerization 
of  high  molecular  weight  Intracelliilarly  bound  substances,  or  to  a 
combination  of  these  effects.  Other  possibilities  Include  alteration 
of  the  permeability  of  internal  structures  (vacuoles,  mitochondria, 
etc.)  and  release  of  surface-bound  materials.  It  may  even  be  possible 
that  release  of  P  and  of  11% -N  have  enzymatic  bases  -  the  enzymes 
being  active  even  though  the  cell's  ability  to  divide  and  form 
colonies  has  been  destroyed  (s).  Although  In  this  work  we  were  not 
primarily  concerned  with  the  mechanism  of  the  release  phenomenon.  It 
was  Inqportant  to  know  >diether  release  of  P  and  of  N%-N  were  both 
measures  of  the  same  basic  mechanism.  Percentage  of  total  P  released 
was  a  linear  function  of  the  percentage  of  total  11% -N  released  after 
the  same  period  Of  heating  (Fig.  l),  where  total  P  and  M%-N  were 
taken  as  the  amounts  of  these  subst^ces  released  on  mechanica.!  dis¬ 
ruption  of  the  cells  In  the  Mickle  Tissue  Disintegrator  (?).  this 
stiggested  that  the  same  fundamental  mechanism  operates  In  the  release 
of  both  of  these  substances,  and  that  they  might  be  used  Interchange¬ 
ably  as  Indices  for  release  of  intracellular  substance.  Since  the  P 
assay  was  the  more  convenient,  this  was  generally  used  In  our  radia¬ 
tion  experiments. 

(2)  Protective  compounds  -  A  number  of  chemical  compounds 
have  been  reported  to  be  active  In  the  protection  of  microorganisms 
from  the  effects  of  radiation.  Among  these,  sulfhydryl  compounds  (t|-) 
and  ascorbic  acid  (3)  figure  prominently.  Since  we  were  considering 
use  of  the  release  system  for  screening  radioprotective  compounds,  we 
thought  that  data  on  possible  protection  against  heat-induced  release 
might  prove  valuable.  Yeast  cells  were  heated  in  Iris  buffer,  O.O5  M, 
pH  7,  or  in  Iris  containing  either  O.O5  M  ascorbic  acid  or  O.O5  M 
sodium  thioglycolate  (table  2).  Ihere  was  a  suggestion  that  ascorbic 
acid  (but  not  thioglycolate)  inhibited  the  release  of  inorganic 
phosphate  and  of  11% -N  from  heated  yeast  cells.  As  will  be  seen,  both 
additives  were  effective  inhibitors  of  the  radiation-induced  release 
of  P. 

(5)  Concentration  of  yeast  -  Ihe  yeast  concentration  in 
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Bffact  of  auaponding  mtdlum  on  heot-rolaaitd  yaaat  phoaphato  and 

aadno-nltrogen 


P  or  N  releaatd  from  yaaat  cella  auapandad  In 


at 

60  C 

HaO 

Trls 

Gacodylate 

PO4 

P 

N 

P 

N 

P 

N 

N 

min 

mM 

nM 

mM 

S> 

0.7 

0.3 

3.2 

0.85 

1.5 

0.62 

10 

1.5 

0.63 

5.3 

0.87 

2.75 

1.1 

15 

4.0 

0.96 

15.2 

3.0 

5.0 

BB 

1.8 

20 

12.6 

2.4 

31.0 

6.9 

lifl 

2.5 

30 

34.8 

6.2 

39.9 

15.4 

2.7 

4.2 

45 

42.0 

7.15 

42.9 

23.0 

5.7 

5.7 

60 

43.2 

7.2 

43.1 

43.0 

6.9 

8.1 

Yeast  cells,  In  %0  or  In  buffer  suspension,  heated  at  60  C. 
Supernatants  tested  for  P  and  N.  Sach  result  Is  average  of  3 
es^erlments . 


TABLE  2 

Effect  of  ascorbic  acid  and  of  sodium  thloglycolate  on  heat> 
Induced  release  of  yeast  phosphate  and  smlno-nltrogen 


Concentration  of  P  or  amlno-N  released 


Time 

Cells  suspended  In 

at 

Trls 

Trls 

60  C 

Trls 

Ascorbic  acid 

Sodium  thloglycolate 

P 

N 

P 

N 

P 

N 

min 

mM 

mM 

r^yml 

mM 

10 

5.5 

1.4 

2.0 

0.3 

3.0 

1.1 

20 

29.0 

7.7 

10.0 

1.6 

21.0 

5.9 

30 

39.5 

9.3 

32.0 

6.8 

35.0 

8.9 

Yeast  cells,  suspended  In  Trls  or  In  Trls  and  additive 
(0.05  M),  were  heated  at  60  C.  Supernatants  tested  for  P  and  N. 
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h««tad  tuiQtnilont  nurkedly  •ffected  the  aaount  of  21% -R  releeeed. 
Although  the  ooneentratlon  of  N%-R  vaa»  of  course,  greater  in  sv^er* 
natsnt  solutions  of  suspensions  containing  15  ag  of  yeast  per  nl  than 
In  supernatants  from  suspensions  containing  only  1  ng  of  yeast  per 
ml,  the  R%-N  release  per  grsm  of  yeast  was  greater  in  the  more  dilute 
suspensions  (Fig.  2). 

Radiation  experiments 

(1)  Suspending  fluid  >  The  higher  the  radiation  dose,  the 

greater  the  amount  of  Intracellular  material  released  from  yeast.  As 
with  heated  suspensions,  the  suspending  fluid  was  liq>ortsnt  in  deter¬ 
mining  the  amount  of  P  and  the  amount  of  N%  released.  For  example, 

yeast  cells  released  more  Inorganic  P  when  :tter  suspension  than 

In  Trls  suspension  (Fig.  5)*  In  either  case,  however.  It  should  be 
noted  that  the  amount  of  P  released  was  a  function  of  dose  over  an 
appreciable  portion  of  the  range  of  doses  used.  Aqueous  suspensions 
of  yeast  cells  released  approximately  5  of  F  per  ml  of  supernatant 
solution  ^en  irradiated  with  5^0 •  000  rads;  but  approximately  700,000 
rads  were  required  to  effect  the  same  release  from  yeast  suspended  In 
0,05  M  Trls.  The  radiation  requirement  for  release  of  Intracellular 
P  Increased  as  the  Trls  concentration  was  Increased  from  0.01  to 
0.5  M,  However,  survival  (Fig.  was  virtually  Identical  whether 
water  or  Trls  suspensions  were  Irradiated. 

(2)  Protective  conpounds  -  A  number  of  chemical  compounds 
has  been  reported  to  be  radioprotective  agents  for  manaals  and  for 
microorganisms .  These  compounds.  In  a  sisple,  unsophisticated  view, 
may  be  said  to  function  as  acceptors  of  free  radicals,  by  modification 
of  metabolic  processes,  or  by  creation  of  anaerobic  conditions  with 
resulting  Interference  with  the  oxygen  effect  (l).  Sulfhydryl  com¬ 
pounds,  especially  in  the  configuration: 


HS-(CHa)K- 


are  particularly  good  radioprotective  agents,  and  mercaptoethanolamlne 
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iVBUi),  iihart  2,  and  tha  aadno  group  la  unaubatltutad,  hM  batn 
vidal^  uaad  in  atudlaa  on  radioprotaction.  Sulfur  cotnpotmda  ralatad 
to  S-3-aad.noathyliaouronium  Br  HBr  (AET) 


HN 


'^-S-CHtCHd-NH* 


AET 


HtN 


hava  baan  raported  to  protect  mammals  from  irradiation »  and  a  protect- 
Iva  affect  of  ascorbic  acid  on  various  bacteria  has  also  been  noted 
(3)*  As  previously  stated,  there  was  no  demonstrable  difference  in 
radiation  survival  of  yeast  suspended  In  Tris  or  in  water  (Fig. 4  ),nor 
did  the  addition  of  O.03  M  ascorbate  alter  survival.  Sodium  thiogly- 
colata  (0.03  M)  and  MEA  (O.l  m)  were  also  ineffective  in  increasing 
the  radiation  survival  of  the  yeast.  However,  all  of  these  compounds 
did  inhibit  the  release  of  P  from  irradiated  yeast  (Fig.  3,  Fig. 6  ). 
3hus  far,  of  the  reportedly  radioprotective  compounds  ^Ich  we  have 
tested  •  ascorbate,  MEA,  thioglycolate,  thiourea,  and  cysteine  -  all 
Inhibited  the  radiation- induced  release  of  P  from  either  aqueous  or 
Tris  suspensions  of  yeast  cells.  A  number  of  other  additives  -  sodium 
chloride,  sodium  acetate,  sodium  caseinate  •  were  Ineffective  In 
Inhibiting  the  radiation- Induced  release  of  P.  nie  effectiveness  of 
thioglycolate  In  Inhibiting  the  radiation- Induced  release  of  yeast  P 
contrasts  with  Its  ineffectiveness  in  inhibiting  the  heat-induced 
releeuse,  suggesting  different  mechanisms  for  heat  and  for  radiation  - 
Induced  release. 


Although  protection  from  release  of  internal  substances 
apparently  was  not  correlated  with  radiation  kill  of  yeast,  we  feel 
that  the  correlation  of  release  with  protection  of  mammals  warrants 
farther  Investigation.  In  spite  of  the  obscurity  of  the  mechanism  of 
the  P  release,  the  system  may  prove  useful  in  screening  radioprotective 
compounds.  While  loss  of  the  ability  of  a  single-celled  organism  to 
divide  and  to  form  colonies  Is  often  equated  with  loss  of  viability, 
such  incapacity  Is  not  necessarily  equivalent  to  death  In  higher  forms. 
Indeed,  extension  of  these  studies  might  reasonably  be  expected  to 
lead  to  elucidation  of  differences  In  mechanisms  for  radiation  kill  In 
microorganisms  and  in  multicellular  anlmeLLs.  Differences  in  effect  of. 
radloproi^ectlve  conpounds  might  well  point  the  way  for  future  studies. 

(5)  Other  dosimeters  -  We  have  used  Tris  and  sodium  caco- 
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dy^at*  (dlMthyXarslnata)  in  mkim  ytaat  luipanalonat 

CHtOH 

HO— CHt-C-CH*OH 

I 

NHt 

(CH8)8AsOONo  ■odlun  eaeodylate 

Wa  had  planned,  on  the  baala  of  haatlnf  aaparlaantf,  to 
aasay  both  P  and  amlno-N  raleaaad.  However,  when  yeaat  waa  auapended 
In  Srie  or  in  aodiua  eaeodylate,  peeuliar  MHt-N  and  P  reaulta  were 
obtained.  Zn  investigation  of  these  reaulta,  the  buffers  alone  (with¬ 
out  yeaat)  were  irradiated.  Irradiated  Trie  waa  assayed  for  N%-N 
and  irradiated  eaeodylate  was  assayed  for  P. 

Ihere  was  a  linear  relationship  between  aatount  of  ninydrln- 
reactive  material  produced  from  irradiated  0.05  H  Iris  and  dose,  up  to 
at  least  2  x  10*  rede  (Fig,  7 ).  Ihe  usable  range  may  extend  to  doses 
higher  than  2  x  10^  rads,  but  this  has  not  yet  been  Investigated. 

Irradiation  of  sodium  eaeodylate  yielded  a  substance  which 
formed,  in  the  Flske-SubbaRow  (2)  test,  an  arsenomolybdate  cong>lex 
with  a  blue  color  similar  to  that  of  the  phosphomoiybdate  cooplex 
formed  with  phosphate.  !Ehe  intensity  of  the  molybdenum  blue  color 
(Fig.  B )  bore  a  linear  relation  to  dose  up  to  a  dose  of  at  least 
3  X  10*  rads,  and  probably  (not  shown)  up  to  4  x  10^  rads.  We  do  not 
understand  the  mechanism  of  the  conversion  of  sodium  eaeodylate  to  a 
cQiqpound  reacting  in  the  Fiske-SubbaRow  test.  However,  sodium  arsenate 
gives  a  positive  test  (forming  an  arsenomolybdate  coqplex),  and  the 
mechanism  may  involve  oxidation  of  the  dimethylarsinate  to  arsenate 
with  removal  of  methyl  groups,  perhag>s  through  mediation  of  radiation- 
produced  hydrogen  peroxide.  Ihat  the  mechanism  involves  oxidation  is 
given  some  credibility  by  the  complete  failure  of  sodium  eaeodylate  to 
give  a  positive  test  >dien  irradiated  in  the  presence  of  a  reducing 
agent  such  as  ascorbic  acid.  !Ehe  eaeodylate  system  has  promise  as  a 
broad  range  dosimeter,  with  perhaps  its  greatest  potentiality  idtere 
megarad  doses  are  common,  i.e. ,  in  food  irradiation  dosimetry.  The 
method  is  rapid  •  we  routinely  run  50  cacodylaLe  assays  in  less  than 
1  hr  -  and  reproducible. 
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The  release  of  intracellular  materials  (in  particular,  in¬ 
organic  phosphate)  from  irradiated  microorganisms  forms  the  basis  for 
using  microorganisms  in  radiation  dosimetry.  We  conceive  of  biodosi¬ 
metry  as  being  most  useful  where  radiation  Inactivation  of  microorgan¬ 
isms  is  experimentally  desirable  (i;*e. ,  radiation  preservation  of 
foods),  and  as  having  its  greatest  advantage  in  the  detection  of 
changes  in  conditions  of  irradiation  which  might  remain  undetected  in 
chemical  dosimetry.  We  have  suggested  bakers'  yeast,  Saccharoncrces 
cerevisiae .  as  one  of  the  biodosimetsr  species  because  this  organism, 
produced  under  uniform  conditions  at  very  low  cost,  is  available  com¬ 
mercially,  and,  on  radiation,  releases  easily  measurable  phosphate 
into  the  suspending  medium.  Although  with  bakers'  yeast,  the  range  of 
the  dosimeter  is  limited  ^  x  10^  to  1.4  x  10^  rads),  the  system 
can  probably  be  extended  by  using  other,  more  resistant,  microorgan¬ 
isms,  especially  spores  of  bacteria. 

Yeast  suspensions  were  irradiated  with  several  substances, 
reported  as  protecting  microorganisms  and  mammals  from  the  lethal 
effects  of  radiation.  In  every  case  (ascorbic  acid,  MBA,  sodium 
thioglycolate,  thiourea,  and  cysteine),  these  radioprotective  sub¬ 
stances  inhibited  release  of  yeast  phosphate,  althou^^  colony-forming 
capacity  of  yeast  cells  was  unprotected.  Our  data  offer  promise  for 
use  of  the  system  in  a  screening  procedure  for  radioprotective  com¬ 
pounds  . 

Tris  and  sodium  cacodylate  offer  Interesting  possibilities 
as  siiqple  broad  range  dosimeters.  Irradiated  Tris  buffer  gives  a 
positive  ninhydrin  test  for  amino-N,  linear  with  dose  from  approxi¬ 
mately  2  X  10^  to  2  X  10®  rads.  Irradiated  cacodylate  gives  a 
positive  Fiske-SubbaRow  test,  with  a  linear  response  to  approximately 
4  X  10®  rads. 
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Relation  of  beat-induced  release  of  Fig.  2  Effect  of  yeast  concentration  on 

yeast  pho^hate  and  aoilno-N.  Yeast  the  beat-induced  release  of  amino-N 

cells  in  %0  (  O )  or  in  sodium  from  yeast  cells.  Aqueous  yeast 

cacodylate  (  D  )j  heated  at  60  C.  suspensions  of  indicated  yeast  con¬ 

centrations  were  heated  at  60  C. 
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pH  7,  irradiated  and  ninhydrin-amino'N  dylate  O.O5  M,  5.5,  tested 

color  read  in  KLett  (56O  m).  Total  [Fiske  and  SubbaBow  (2)]  and  in- 

Klett  units  =  KLett  reading  x  senile  tensity  of  molybdenum  blue  color 

dilution.  (Xlett  66O)  read. 
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FLUORINE  HYPSIFINE  INTERACTION  IN  ELECTRON  SPIN  RESONANCE 
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For  several  years  now,  the  technique  of  electron  spin 
resonance  (ESR)  has  been  successful  in  providing  a  great  deal  of 
information  concerning  the  structure  of  free  radicals.  This  in¬ 
formation  is  commonly  derived  from  the  magnetic  hyperfine  inter¬ 
action  of  the  unpaired  electron  of  the  free  radical  with  various 
nuclei  of  the  free  radical.  Since  this  interaction  requires  nuclei 
which  possess  a  non- zero  nuclear  magnetic  moment,  ESR  free  radical 
aixalyses  have  usually  involved  the  hydrogen  nuclei  (H^)  of  organic 
molecules . 

Only  recently  has  the  ESR  analysis  of  a  free  radical  using 
the  hyperfine  interaction  of  fluorine  nuclei  been  carried  out.  The 
fluorine  hyperfine  interaction  is  characterized  by  its  relatively 
large  anisotropy  of  magnitude  as  the  magnetic  field  is  changed  in 
orientation  with  respect  to  an  axis  system  fixed  to  the  free  radi¬ 
cal.  For  this  reason,  it  is  necessary  to  study  fluorine  hyperfine 
interaction  using  free  radicals  that  are  fixed  rigidly  in  preferred 
orientations,  as  in  a  single  crystal  lattice. 

The  electron  spin  resoneuice  analysis  of  free  radicals 
formed  by  the  gamma  irradiation  of  single  crystals  of  trifluoro- 
acetamide  (CF3CONH2)  will  be  discussed.  It  is  found  that  the 
irradiation  causes  a  carbon-fluorine  bond  of  some  of  the  molecules 
to  be  broken,  forming  stable  free  radiceils  of  CF2CONH2.  The  dis¬ 
cussion  will  concern  the  natxire  of  the  information  available  from 
the  study  of  the  hyperfine  interaction  of  the  unpaired  electron 
(represented  by  the  dot)  with  the  two  fluorine  nuclei  of  this  free 
radical. 
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INTRODUCTION:  Th«  itudy  of  gaona  Irradlattd  organio  aolida 
l)y  tha  alaotron  spin  raionanoa  (ESR)  ttehnlq,ut  of  apaGtroioopy  pro- 
vldta  a  rich  varlaty  of  Infomatlon  eomwotad  vltb  tha  natura  of 
radiation  daaaga^  and  dataila  of  tha  aolaoular  orbital.  Tha  radia¬ 
tion  daBMga  information  ia  tha  flrat  by-product  that  appaara  whan 
tha  raaaarchar  aucoaaafuUy  aaalgna  tha  pattarn  of  apaotral  linaa 
to  a  particular  modal  for  tha  damagad  molacula  or  "fraa  radical." 

Tha  aaparation  batvaan  tha  varloua  apactral  coc^ponanta^  or  hypar- 
flna  aplittlnga^  ara  a  maaaura  of  tha  unpairad  alactron  apln  danalty 
throughout  tha  damagad  molacula  and  la  accountabla  by  thaoriaa  of 
tha  molacular  orbital. 

Convantional  ESR  apaetromatara  can  da tact  a  minimum  numbar 
of  10^^  to  10^7  fraa  radicala^  a  total  which  la  fraq.uantly  obtained 
by  irradlatlz^g  an  organic  aolld  for  aavaral  houra.  !Ihia  fraa 
radical  total  raflacta  a  dilute  concentration  of  auch  damage  cantara 
in  tha  bulk  material*  and  can  lead  to  tha  atablllty  of  thaaa  apaciaa 
for  parioda  of  yaara  at  room  tamparatura. 

Tha  unpairad  alactron  of  tha  fraa  radical  often  reaulta 
from  tha  breakage  of  a  apac if Ic  covalent  bond*  aa  for  example  a  C-H 
bond  of  a  carbon  atom  in  tha  tatravalant  bonding  configuration. 

Thla  aaaa  carbon  atom  aaaumaa  trigonal  bonding  following  tha  break¬ 
age  of  one  of  It a  C-H  bonda*with  tha  graataat  portion  of  tha  un¬ 
paired  alactron  being  concentrated  In  the  ca  '^on  2p  orbital 
perpendicular  to  tha  plane  of  the  trigonal  bonda. 

However*  amaillar  unpaired  electronic  denaltles  appear  in 
localized  orbltala  of  other  atoms  of  the  same  free  radical.  The 
latter  apln  density  is  maasureable  as  a  result  of  the  Interaction 
energy  between  the  magnetic  dipole  moment  of  the  unpaired  electron 
and  the  atomic  nucleus.  Carbon  nuclei  (C^)  do  not  possess  a  nu¬ 
clear  magnetic  moment*  and  thus  do  not  produce  this  hyperflne  Inter¬ 
action  with  the  unpairad  electronic  spin  moment.  Although  this 
means  that  unpaired  spin  densities  In  carbon  orbitals  are  not 
directly  measureable  from  the  spectral  data  (except  by  Cl3  hyperflne 
interaction)*  Its  absence  leads  to  a  simpler  spectrum  for  Inter¬ 
pretation.  However*  the  other  consaon  element  found  in  organic  mole¬ 
cules*  namely  hydrogen*  is  a  rich  source  of  such  hyperflne  spectral 
lines.  In  fact*  the  spectrum  due  to  hyperflne  Interaction  of  the 
unpaired  electron  with  hydrogen  nuclei  will  consist  of  2^  lines* 
where  n  represents  the  number  of  Interacting  hydrogen  nuclei. 

The  separations  between  various  components  of  the  spectrum 
are  proportional  to  the  integrskl  5  *A  ^  dr  *  where  ^  is  the  wave 
function  of  the  unpaired  electron  and  A  Is  the  mathematical  ex¬ 
pression  for  the  hyperflne  interaction.  The  qusatity  A  Is  a  tensor* 
so  the  value  of  the  Integral  is  sensitive  to  direction  of  observa¬ 
tion  with  respect  to  an  axis  system  fixed  to  the  free  radical. 
(Direction  of  obaervatlon  la  defined  by  the  large  static  magnetic 
field  of  the  spectroBieter) .  For  exanqple*  unpaired  electronic 


186 


Loiniz 


density  in  taydroctn  cwbltali  of  «  free  rndlonl  yields  «n  leotrcpio 
hyperflne  lnt«reetlon  due  to  tbs  spherloel  syBBStry  of  the  Is 
ofbltnl.  It  Is  for  this  rsMon  that  amny  orgealo  moleoules  have 
been  sueoeesfully  analysed  using  polyoryetalllne  soipleBi  parti¬ 
cularly  the  free  radical  is  ccoposed  largely  of  carbon  and 
hydrogen* 

Hm  aituatlon  for  unpaired  electronic  density  In  fluorine 
orbitals  of  a  free  radical  la  quite  different.  Since  the  eave- 
functlon  of  the  fluorine  9p  orbital  does  not  poseeaa  spherical 
aynnetryf  the  Integral 5  4* >A  4*  dr  la  aenaltlve  to  direction  of 
obaearvatlon.  Aa  In  the  hydrogen  caae^  the  apeotrua  vlU  consist  of 
2^  lines  for  each  fluorine  nucleus  experiencing  hyperflne  Inter¬ 
action  with  the  unpaired  electron.  However^  the  positions  of  each 
of  the  lines  will  depend  UMn  the  direction  of  observation  irlth 
each  of  the  approxlaately  1(A?  free  radicals  of  the  saaple.  The 
net  result  Is  that  the  lines  will  be  "ssaared"  over  the  spectrum  In 
soste  averaging  of  the  many  possible  directions  assumed  by  the  free 
radicals  In  the  polycrystalline  aemple.  Resolution  of  each  of  the 
2"  fluorine  lines  la  usually  only  possible  through  the  use  of  an 
Irradiated  single  erystal>  ^Ich  serves  to  arrange  the  free  radicals 
In  one  or  a  few  preferred  directions. 

Only  recently  has  the  analysis  of  7^9  anisotropic  hyperflne 
Interaction  been  carried  out  In  an  Irradiated  organic  coapound  (1) 
although  analyses  have  been  made  of  inorganic  single  crystals  of 
salts  of  the  transition  elements  (2)  and  of  irradiated  single 
crystals  of  alkali  fluorides (3)#  Ihls  psper  will  be  specifically 

concerned  with  the  BSR  analysis  of  Irradiated  single  crystals  of 
trlfluoroacetamlde  (CFoCONHs)*  a  material  with  a  relatively  simple 
molecular  structure  ana  of  >dilch  single  crystals  ore  easily  ob¬ 
tained. 


ZXFERIMENTAL:  Convent  lonal  electron  spin  resonance  spectro¬ 
meters  capable  of  operation  at  9  and  2k  kMc/sec  were  used«  and 
spectra  obtained  represent  the  second  derivative  of  the  actual 
absorption,  nie  trlfluoroacetamlde  was  purchased  from  the  Penin¬ 
sular  Chemical  Reseai'ch  Company  ( Gainesville »  Florida)  as  a  powd«r> 
and  single  crystals  were  grown  by  slow  evaporation  from  an  aqueous 
solution*  To  the  best  of  our  knowledge »  the  crystal  structure  ana¬ 
lysis  of  this  compound  has  not  appeared  In  the  llteratvure. 

ESR  spectra  were  obtained  for  many  orientations  of  the 
single  crystal  In  the  static  magnetic  field  of  the  spectrometer. 

Such  measurements  generally  describe  the  hyperflne  Interaction 
tensor  in  a  non-principal  plane,  so  that  the  A  smst  be  dlagonallaed 
to  obtain  Its  principal  values.  The  arbitrary  frasm  of  reference 
selected  for  the  purpose  of  these  measuzements  will  be  known  by  the 
axes  a',  b,  and  c. 
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Ttm  •ouTM  tar  irradlatioB  of  tbi  «Eyst«lt  vtro  tlM  1.3  NaV 
goin  rayi  of  Oobolt  €0,  doaafo  bad  no  obaarvabla  affaot  on 
tba  typa  of  fraa  radloal  fonMd^  and  axpoauraa  laatad  aavaral  houra 
or  mora*  Ttm  immaUy  eolorlaaa  trifluoaroacataaida  alsgla  oryatala 
turnad  to  a  yallov  color  upon  irradiation. 

NAHUtl  (F  0B8B1VS)  SPSCtDlAi  Analytic  of  tha  B8R  apaotra 
aboira  that  ona  of  tba  CP  bonds  of  trlfluoroaoatamlda  la  brokan  aa  a 
raault  of  tba  ganaa  irradiation.  Uta  ranalnlng  two  GF  br  da  baoona 
raorlantad  ao  that  tba^  . 

—  CF2 

group  la  planar^  and  vary  probably  in  tha  plana  of  tha  CON  group. 
Tha  dot  abova  la  to  algnify  tha  unpalrad  alaetron  raaulting  from 
braakaga  of  a  CP  bond.  Tba  unpalrad  alaetron  apln  danaity  la  in  a 
V  orbital  parpandioular  to  tha  aolaoular  plana  daflnad  by  tba  CCPg 
groups  and  inoludaa  a  aignificant  oontributlon  from  Iona  pair  2p 
fluorlna  orbltala.  Tha  ux^irad  alaetron  apln  danaity  la  found  to 
ba  approottaataly  0.11  for  aaoh  of  tbaaa  two  fluorlna  orbltala. 

Figure  1  ahowa  BSR  apactra  of  tha  trifluoroaoatamlda  fraa 
radical  for  aalaotad  orientations  In  the  a'b  plana >  from  whleh  tha 
nature  of  tha  fraa  radleal  la  Imaadlataly  apparent.  Tha  apaotrum 
la  eoagpoaad  of  two  triplet  pattarna  of  intanaity  ratio  1:2:1.  At 
tha  angle  of  36^  tha  two  pattarna  coalaaea  whan  tha  oooponant 
aplittings  for  aaeh  of  tha  two  pattarna  are  aq.ul valent.  However > 
tha  moat  general  pattern  has  five  linaa  rapraaanting  two  trlplata 
with  different  coaiponant  apllttingti  line  widths,  and  intanaltiaa 
for  various  orlentatlona  of  the  cryatal  in  tha  static  magnetic 
field. 


Tha  triplet  la  oharacterlstle  of  the  hyperfina  interaction 
of  the  unpaired  electron  with  two  fluorine  nuclei  (with  nuelaar 
spin  I  •  1/2)  f  with  both  lluorlna  nuclal  being  coui^ad  to  the 
electron  equally.  The  exlatence  of  two  triplet  pattarna  la  attri¬ 
buted  to  the  two  distlnguiahable  orlentatioM  for  tha  free  radical 
in  the  unit  cell.  ELimlMtion  of  hydrogen  nuclei  aa  the  source  of 
the  spectral  Unas  is  based  upon  the  relatively  large  separation 
between  oonoponant  lizMB  and  their  anisotropic  behavior  aa  the  cry¬ 
atal  is  rotated  in  the  static  magnetic  field.  Therefore,  the  only 
poaalble  free  radical  structure  with  two  equivalently  coupling  F 
nuclei  reaultlng  from  the  breaking  of  a  bond  of  trifluoroacetamlde 
must  be  of  the  form  CF2C0NH2. 

Freaervatlon  of  this  triplet  structure  for  spectra  of  all 
orientations  la  a  most  important  feature  of  the  spectrum,  which 
danK>natratea  the  eq]ual  hyperflne  coupling  to  the  two  fluorine  nuclei 
for  all  orlentatlona.  This  eq]ulvalence  requires  the  2p  orbltala  of 
the  F's  whleh  give  rise  to  the  anisotropic  coupling  to  have  parallel 
axaa  and  the  sane  electron  spin  density.  Even  with  eq.ual  spin 
densities,  the  two  fluorine  atoms  would  exhibit  different  hyperflne 
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intvraotions  for  non-portUtl  orbital  tuoh  u  tbo  fluorlnt  2p 
bonding  orbltali  In  tho  trigonal  piano*  Iho  lattar  oltuation  would 
ylold  a  quox'bot  opootrua  rathor  than  tho  trlplot  ao  aotually  ob- 
iorved* 


Figuro  8  ohowa  tho  oonponont  opllttlngo  for  oaoh  of  tho  two 
trlplot  pattorna  in  tho  bo  piano.  Tho  oonotant  oplltting  oboorvod 
for  all  angloo  In  thla  piano  for  froo  radieal  orlontatlon  I  Indi- 
oatoa  that  thla  la  tho  Doloeuiar  piano  for  froo  radical  orlontatlon 
I.  niat  la>  a  oonotant  hyporflno  apllttlng  indloatoa  porpondlou- 
larlty  of  tho  aagnotlo  flold  to  tho  2p  orbital  donalty  axla.  Simi¬ 
lar  bohavlor  lo  obaorvod  for  froo  radical  orlontatlon  II  for  a  piano 
whoao  nomal  la  approxlaatoly  68®  to  tho  normal  of  tho  bo  piano. 

Ihla  ouggoata  that  tho  rolatlvo  poaltlona  of  tho  two  poaolblo  froo 
radical  oriontationa  lo  aa  ahown  In  figuro  3.  Iho  anglo  68®  happona 
to  colncldo  with  tho  anglo  aoparatlng  two  of  tho  oxtornal  facoa  of 
tho  cryotal* 

Hm  principal  valuoa  for  tho  nucloar  hyporflno  Intoraetion 
tonaor  A  woro  obtained  ualng  atandard  tochniquoa  of  ESR  ainglo 
cryatal  analyooo  (4).  Ublo  I  glvoa  tho  magnltudoo  and  direct Iona 
of  tho  tonaor  A  for  one  of  tho  two  froo  radieal  oriontationa. 


THEORETICAL  AKALYSIS:  7^0  oloetron  apln  roaonanco  spectra 
for  all  oriontationa  may  bo  doserlbod  oathomatlcally  by  tho  apln 
Hamiltonian  which  gonorally  applies  in  froo  radieal  work, 


H-  S.g,H+^S»A  .1^^)  -  gA  H  1  (i)  , 

T  (1) 

in  which  tho  sunnation  is  over  tho  two  nuclei  of  tho  trifluoro- 
acetamlde  froo  radical  (i  «  1,2),  Terms  of  tho  above  Hamiltonian 
roprosont  tho  coupling  of  tho  unpaired  electron  spin  magnetic  aionont 
with  the  static  flold  H,  tho  interaction  botwoon  tho  magnetic  dipole 
memont  of  tho  unpaired  electron  and  tho  two  fluorine  nuclei,  and 
tho  direct  interaction  of  tho  nuclear  mesaents  with  tho  static 
magnetlo  field. 


8a$  Bgtf I  [(u/r3  .  3  ^  r  /  r5)^^  .  8ir  I  (o)| ^  u/^j 


'(2) 


whore  U  is  tho  unity  dyadic  and  r  is  tho  radius  vector  between  the 
unpaired  electron  and  tho  nucleus  eonsldorod,  3ho  first  term  of  A 
is  the  classical  interaction  between  two  magnetic  dipoles,  and  tho 
second  is  the  Isotropic  "Fermi  hyperfino  interaction"  which  is 
applied  to  unpaired  electron  spin  density  at  the  position  of  the 
nucleus  (j  'l*(0)!  2), 


Under  the  assuaqption  that  the  electron  spin  is  quantized 
along  the  static  msgnetlc  field,  the  expression  (8)  assumes  the 
general  form. 


um 


vtam  e  It  tht  MiX*  iMtwMa  tb«  fl«ad  dirtetlon  iM  tte  2p  orbital 
danalty  axlii  and  Aji  and  rafar  to  tha  dlpola/dlpola  and  Farai 
oooipoaanta  of  tha  hyparflna  iataraotlon.  With  tha  obaarvad  vmlua  of 
A3  -  I7S  ^Kwa  oorraapoadiaK  to  orlantatioa  alrag  tha  Sp  daz»lty 
axlB  or  9  ■  and  Al  «  Ag  24  gauaa  at  9  «  900, 


or  Af  >  ^  75i  gauaa  and  A|l  «  -  gauaa. 

Although  tha  aigna  of  A#  and  Aa  cannot  ba  datarmlnad  In  thla  axparl- 
ment,  thaaa  tvo  quant  it  laa  do  nava  tha  aama  aigna.  Ilbaaa  quant  1- 
tiea  repraaant  hyparfina  coupling  dua  to  unpaired  electron  danalty 
in  apbarlcally  ayauatric  orbltala  and  non-apharlcally  aynnatric 
orbits  reapactlvaiy. 

inia  above  axparlmantally  datarmlnad  valuaa  for  Af  and  A^ 
may  ba  cooqparad  to  aqulvalant  numbars  charactarlatlc  for  a  2p 
fluorine  electron  and  a  28  fluorine  electron*  IRils  cooQparlaon  gives 
the  unpaired  spin  density  present  in  the  fluorixM  orbitals  of  the 
trifluoroacetamlde  free  radical.  The  unpaired  spin  danalty  of  the 
2p  orbital  perpendicular  to  the  molecular  plane  Is  then* 

^gp  “  ^  ^  2p'  ^ 

where  Agp  Is  the  hyperf Ine  Interaction  for  unity  unpaired  spin 
density  In  a  fluorine  2p  orbital.  Agp  Is  obtained  by  averaging  the 
anisotropic  dlpole-dlpole  term  of  the  Hamiltonian  (2)  over  the  2p 
wavefunction  and  hsis  the  value^ 

il2p  =  2/5  8,@sgtfl  <l/r3>^^. 

In  which  l/r^  Is  still  to  be  averaged  over  the  p  orbital,  llils 
average  can  be  estimated  theoretically  or  can  be  obtained  experl* 
fflCintaLlIy  from  the  fine  structure  In  atomic  spectra.  Values  of 
<:^^^or  various  atoms  including  F  have  been  obtained  ard  tabu¬ 
lated  by  Barnes  and  Smith  (^).  For  the  p  electron  In  (1^9)“  Ions 
we  employ  the  value ^ 

Agp  =  0,044  cm"^  »  470  gauss> 

calculated  by  Morlya  (6)  and  based  on  the<^.\;^  Barnes  and  Sm.  .. 
From  equation  (3)  the  unpaired  spin  density  of  the  2p  orbital  Is 
therefore : 

p  ap  "  5l/^^70  =  o.n 

This  spin  density  indicates  that  each  of  the  CF  bonds  In  the  free 
radical  has  about  11^  double  bond  character* 
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Ibt  origin  of  tht  Af  oonponont  of  hyptrfln*  obu:pllng  !■  not 
M  clear  u  that  of  the  Aa.  Although  It  would  ba  esiiwctad  that  tha 
2e  epln  deneity  Is  grea^  than  the  la  densl^#  coupling  ctf  t^^ 

fatter ^nalrad  daMlty  la  aora  potax^  by  vlrtua  of  tha  faot  that 

*  Ho^'var,  an  uppar  limit  for  spin  dansltlas  In 
the  2a  jpi  la  orbitals  m^  ba  obtalnad  using  caloulatad  vmluas  of 
I‘^28  (O)l^  ••  calculated  by  fraaaaa  and 

Wataon  (7)«  la  to  say >  upper  limits  to  the  unopalrad  2s  and  la 

spin  densities  In  fluorine  orbitals  of  tha  trlfluoroaoatamlde  free 
radical  are: 


P28  ■  75/l6>1^00  -  0.0045 
P  2s  “  75/321,000  -  0.00023 

Lonts  and  Qoxdy  give  detailed  calculations  for  the  distri¬ 
bution  of  the  remaining  spin  density  (100^  >  2  x  U^t)  for  the  trl- 
fluoroacetanlde  free  radical.  Syanatzy  In  the  hyperflna  coupling 
leads  to  an  assignment  of  a  maximum  of  P  2p  »  O.69  spin  density  to 
reside  In  the  carbon  2p  orbital  perpendicular  to  the  molecular  plane. 
Since  no  byperf  Ine  coupling  with  atoms  of  the  amide  group  was  de¬ 
tected,  the  unpaired  spin  density  within  this  group  Is  negligible. 

CONCLUSION:  This  discussion  has  shown  In  outline  form  tha 
information  that  may  be  obtained  through  the  study  of  the  aniso¬ 
tropic  fluorine  hyperflne  Interaction  In  free  radicals.  A  similar 
analysis  has  since  been  caxrled  out  on  the  free  radical  t^CONHjg 
(8)  which  Is  In  general  agreement  with  the  data  found  for  trifluoro- 
acetamide.  In  addition,  Ovenhall  (9)  has  used  the  trlfluoroacet- 
euQlde  data  to  Interpret  the  fluorine  hy^rflne  coupling  in  free 
radicals  of  the  polymer  "Tsflon”  (-CP2-CF-CP2)  when  the  polymer 
radicals  are  oriented  by  stretching  the  Irradiated  material. 

Present  efforts  are  being  directed  to  the  interpretation  of 
the  free  radical  formed  by  irradiation  of  pentafluoroprpplonamlde, 

CP?  (of  CONH2.  The  room  temperature  ESR  spectra  of  this  radical 
Indicate  that  the  CF3  group  exhibits  hindered  rotation  about  the 
C-C  bond,  and  the  rotation  may  be  stopped  by  cooling  tha  sample 
to  liquid  nitrogen  temperature.  It  is  exq^cted  that  measurements 
in  progress  will  lead  to  Information  on  the  potential  barrier  for 
this  rotation,  as  well  as  an  understanding  of  the  orbital  configura¬ 
tions  which  lead  to  hyperflne  coupling  with  the  fluorine  nuclei  of 
the  CP3  "methyl"  group  In  a  free  radical. 
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Principle  Values  and  Directions  of  Nuclear  Hyper- 
fine  Coupling  Tensor  (A)  for  Free  Rascal  "I" 


Magnitude  Direction 

A|  -  A^  -  24  gauss  (498  Me)  Perpendicular  to  a' 
A^  - 178  gauss  (67  Me)  Along  a' 
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Sji*?S**T**?^  -lrr«dUt«I  single  crysUl  of  trlfluoroMstaulde 
22  i?*  mgnmtUi  floU  In  the  a^b  pUns  and  at  ▼artouaanglas 
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PIOURB  2,  PlotB  of  tho  oQtoido  eo^ponento  of  triploto  I  and  II  for 
variono  orlootatloiw  of  tho  otatlo  MigQotio  fiold  in  tlio  bo  pIuMf 
vith  nacloo  noamrod  ttm  tbm  b  aala  in  tba  diraetion  of  e. 
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FIOORE  3*  Oiagran  shofirlag  relative  orientation  of  obeerred 
free  radicals. 
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A  HOVEL  PROCESS  FOR  OLTRA-PIHE  CHTSTALLITES, 

AHD  IBEIR  THBORT  AHD  AFPLICATIOll  IR  MAOSETIC  FERRITES 


W.  W.  MALIRQFSICr,  R.  W.  BABBITr^  and  0.  C.  SARIS 
U.  S.  ARff  ELECTRORICS  RESEARCH  ARX)  DEVELOFMEaiT  LABORATORIES 
FORT  lOMOOIB,  REW  JERSEY 


IHTROiyXTlDH 


A  **810816  czyatal"  Is  «  fmlliar  tern  tods^,  and  v*  conBOo- 
ly  picture  Its  alse  on  a  scale  of  cantlMters.  But  siqipoae  such  a 
single  crystal  should  shrink  to  a  miUlooth  of  this  slsOf  would  Its 
properties  be  the  ssmT  For  the  aaffietlc  properties  to  discussed 
heare,  theory  answers  "Bo**  It  even  gives  us  an  idea  as  to  what  to 
esqpect;  what  It  does  not  do  Is  show  us  how  to  attke  such  SMsterlals  in 
a  foxn  adeq:uate  for  testing  or  practical  use*  Therefore,  to  study 
these  properties,  such  a  process  first  had  to  be  devised*  Its  de¬ 
scription  is  the  first  object  of  this  paper* 

But,  idiy  should  we  esipect  xnwsnal  properties  In  an  ultra- 
fine  crystcLLllteT  This  can  better  be  iinderstood  by  looking  first  at 
part  of  a  larger  crystallite  (Fig*  l)*  There  it  is  found  that  the 
magnetic  dipoles  line  up  within  a  given  voltsse  (l)  of  the  crystallite, 
but  are  coBSsonly  qpposite  In  direction  In  the  nelghhorlng  regions  (n) 
Each  of  these  regions  Is  called  a  magnetic  domain.  In  between,  the 
dipoles  go  through  *  transition  from  one  direction  to  the  other, 
requiring  sosw  distance  fiw  to  do  so.  This  transition  region  Is  call¬ 
ed  a  domain  wall.  Ibese  domain  walls  are  entitles  In  thmaselves,  and 
effective  mass  and  Inertia  can  be  ascribed  to  them*  For  example, 
they  can  be  mads  to  oscillate  In  an  electromagnetic  field,  and  to  go 
through  a  resonance  with  Increasing  frequency*  In  fact,  one  of  the 
two  largest  schools  of  thought  In  magnetism  ascribes  the  ljq>oirtant 
technical  rf  properties  to  this  wall  motlcm*  Thus,  if  walls  were 
eliminated,  unusual  properties  would  be  expected  to  result*  This  Is 
precisely  what  is  brought  about  In  an  ultr»-flne  crystallite* 

As  the  crystallite  diameter  B  Is  decreased,  the  xnmiber  of 
dosalns  In  It  gradually  decreases  to  Just  two  (Fig*  2b)*  One  wall 
reDudns  between  then.  At  this  stage,  both  wall  energy  and  magneto¬ 
static  energy  due  to  magnetic  poles  on  the  surface  c<apete  in  cocf 
tributlng  to  the  total  energy.  But,  as  the  slse  Is  decreased  still 
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further,  It  fMs  throofla  a  orltloal  dlaaetar  l>orlt  vhlch  the 

total  eaaror  beecaat  vlth  the  vail  eljaiaated  then  present,  even 
though  the  aeanetoetatle  eneresr  it  Maevbat  increased  (Tig.  2a)  • 

This  value  of  DQ2.j^^asar  be  calculated  (l)  frea  the  Intrinsic  constants 
of  the  aaterial.  nus,  for  our  ferrites  it  is  calculated  to  be  sg^ 
proadaateiy  l(r5cei  or  0.1  aicron.  The  first  requireaent  of  this  pro¬ 
cess,  then,  is  to  produce  orxstallltes  less  than  1000  atOBHllsaeters 
across. 


At  this  point,  it  is  veil  to  introduce  the  second  require- 
aent  on  the  process  to  be  described.  Althoui^  it  irlll  be  shown  in 
the  next  section  bow  crystallites  only  200  atoapdiaasters  across  can 
be  obtained,  it  Is  clear  that  asanlncTuTI  aeasureaants  of  properties 
on  one  such  particle  cannot  be  aade  physically.  Iherefore,  an  aggre¬ 
gate  aust  be  used.  But,  then  the  average  properties  are  diluted  and 
distorted  by  the  spaces  between  the  crystallites  due  to  dasuignetislng 
effects,  UEkless  the  jiggregate  is  ccapaeted  to  a  density  near  that  of 
a  single  crystal.  Khown  oeraaic  dsnslficatlon  processes,  imfortunate- 
ly,  increase  th«  crystallite  site  well  above  e^bout  n  factor  of 

100  higher,  which  would  defeat  the  purpose  of  this  investigation. 

Thus,  the  second  criterion  of  the  process  was  to  achieve  near  single 
crystal  density  without  sl^iifioaat  growth  of  the  crystallites. 

Subsequent  sections  will  describe  the  above  process,  as 
well  aa  the  aagnetie,  crystallographic,  and  physical  aeasureaents, 
which  show  the  effects  of  the  single-doBain  natiue  of  the  crystal¬ 
lites  on  BMignetic  properties  at  both  radio  and  aicrowave  frequencies. 
Then  these  will  be  correlated  with  current  theory,  or  the  theory 
extended  as  required.  Finally,  the  state  of  develoxaent  of  two  pro¬ 
perties  for  potential  application  will  be  described t  l)  an  increased 
threshold  field  for  the  onset  of  instability  of  the  aicrowave  reson- 
ence  at  hlcii  power  levels,  and  2)  a  teaperature- stable  Initial  per- 
aeabillty  at  radio  frequenelao. 

THE  FROCBSS— ^ywmTWiei)  FLAiCB-SPRAT  ABD  HOT-PRESS  TBCHBIQPBS 

As  conceived,  the  process  aust  have  two  steps.  TtM  first 
should  be  a  reaction  stage,  in  which  ingredients  of  the  right  coa- 
posltiOQ  would  react  chealcaCLly  to  fora  the  imre  (slngLe-phese)  ccob- 
pound  desired,  yet  which  would  aaintaln  the  ultra-fine  orystallltes 
well  below  The  second  should  be  a  densiflcatlon  stage,  in 

which  cospaction  to  high  densities  would  occur  without  crystallite 
growth  above  with  no  alteration  of  the  purity  of  the 

eoBQKJund.  No  known  aethod  could  aeet  these  requirsasats,  so  oue  had 
to  be  devised.  We  did  this  by  using  the  so-called  flaaa-spray  tacb- 
nlque  for  reaction,  and  the  hot-preas  technique  for  densiflcatlon. 

Figure  3  ia  a  seheaatic  of  the  flase-sprsy  qpparataa,  while 
Fig.  k  shows  its  principal  operation.  Basically,  aa  alcohoUe  adu- 
tion  and  oxygen  gas  sprayed  e  1200^0  flaaw  out  of  a  fine  stainleas 
steel  nossle  into  e  vycor  tube.  Through  this  tLe  reacted  particles 
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v«re  iaiMilled  Into  n  vater-tpray  tofwer  and  were  collected,  nie  solu¬ 
tion  conaists  of  R1-,  Zn-,  and  Pe-nltrate  hydrates  dissolved  In 
methyl  alcohol  in  proportion  to  the  ferrite  formula  By  Fe2  O4, 
vhere  A  and  B  along  vlth  Pe  are  the  above  metals.  Since  the  first 
Investigation  of  this  technique  (2)  we  have  replaced  the  cyclone  col¬ 
lection  system  with  a  water-spray  tower.  In  order  to  collect  smaller 
crystallites.  Varying  physical  parameters,  we  could  control  the 
crystallite  else  between  0.02  -  0.12  micron.  Qnpi<:sl  ones.  O.O3 
micron  across,  are  shown  In  an  electron  micrograph  (Plg.  where 
they  appear  to  be  fairly  veil  perfected.  Ve  calculated  the  average 
crystallite  slae  (3)  froa  broadening  of  five  diffraction  lines  in 
the  back  region  of  x-ray  dlffractcmeter  charts,  and  the  result  agreed 
with  the  electron  micrograph.  Using  these  charts,  we  learned  to  con¬ 
trol  a  lossy  NlPe  alloy  present  In  early  runs,  by  Increasing  the 
oxygen  pressure  to  the  flme  noasle.  The  alloy  did  not  appear  above 
1^  psl  02*  Subsequently,  the  routine  beemae  to  use  20  pel  to  allow 
a  safety  margin. 

The  hot-press,  used  for  the  djenslflcatlon  stage  of  the 
process.  Is  shown  schematically  In  Pig.  6,  while  Pig.  T  shows  the 
Inductively  heated  die  at  UOO^C  under  6OOO  psl.  The  basic  prin¬ 
ciple  of  the  hot-press,  long-used  In  metallurgy,  but  not  for  ferx'ltes. 
Is  to  apply  heat  and  pressure  simultaneously  to  the  ferrite.  This 
results  In  high  denslflcatlon,  for  an  \inknown  reason,  but  In  little 
crystal  growth.  The  latter  is  due  to  the  tesqperatures  used,  $30  - 
11;^0^C,  relatively  low  compared  to  conventional  sintering. 

In  this  technique,  ve  placed  a  cold-pressed  pallet  of  the 
flsme-sprayed  powder  Into  a  cylindrical  stainless  steel  die.  ZrO^, 
used  as  a  liner  and  for  plungers,  prevented  resustlon  with  the  steel. 

As  a  powder  about  the  pellet,  It  aided  ejection  of  the  denslfled 
ferrite.  An  Induction  heater  was  controlled  by  a  te^perat^lre  pro- 
grsaner.  IJp  to  98^  of  single  crystal  density  could  be  obtained  In 
a  half-hour,  with  crystallite  sizes  of  about  0.1  micron.  To  obtodn 
this  density  In  the  ordinazy  way  would  require  many  hours,  with  the 
attendent  e'rcesslve  growth  of  the  crystallites  to  about  100 

To  obtain  a  basic  set  of  processing  conditions,  ve  varied 
hot-pressing  time  t,  tei^erature  T,  and  flsme-spray  oxygen  pressure 

P.  Q-meter  measureswnts  of  pto  Q  at  U  Mc/s  were  taken  as  an  Indicator 
of  the  optlmua  conditions,  since  It  Is  a  standard  merit  factor  for 
technical  rf  magnetic  materials.  is  the  Initial  pezmeablllty, 
and  Q  Is  a  quality  factor  Inverse  to  the  magnetic  loss.  The  results 
are  shown  In  Pig.  8.  The  disadvantage  In  raising  T  Izideflnltely  Is 
that  the  crystal  growth  goes  up  rapidly,  too.  Low  P  produce  a  low 

Q,  due  to  the  high  loss  from  a  BlPe  alloy  previously  described. 

A^^n,  P  cannot  becoae  too  large,  since  it  then  exerts  a  cooling 
action  on  the  flssm,  causing  flaom-out.  As  a  result,  we  took 

P  ■  20  pel,  t  •  23  minutes,  and  T  •  UOO^C  as  a  basic  set  of  con¬ 
ditions  about  which  to  vary  during  subsequent  experiments. 
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DOMAm  WAIL  MOnOM  v».  DCK/OH  ROIATiqi 

For  ovftr  s  decade  a  controversy  has  stiamlated  many  vorkers 
in  ■agnetlma,  as  to  vhether  dcmaln  wall  motion,  or  domain  rotation, 
is  the  magnetisation  mechanima  underlying  the  technical  properties  in 
conventional  materials.  There  are  large  schools  of  thought  on  each 
side.  Briefly,  the  fomer  is  a  change  in  magnetisation  by  means  of 
an  effective  translation  of  a  dosMln  walx  throu^  the  domain;  while 
in  the  latter  case,  it  is  due  to  rotation  in  unison  of  all  the  mag¬ 
netic  dix>oles  in  the  dasain.  A  great  deal  of  experimental  evidence 
has  been  built  up  on  either  side.  Since  we  could  make  crystallites 
siudl  enough  to  prevent  dosialn  walls,  thus  allowing  dosMiln  rotation 
only,  we  could  coapare  their  propeirtles  v^th  conventional  ferrites 
to  clarify  the  question. 

To  do  this,  we  meMured  the  ccnplex  permeability 
p'  and  (loss)  to  UOOO  Nc/s,  using  appropriate  bridges  and  slotted 
lines  to  cover  the  range.  Ihe  results  are  shown  in  Fig.  9  ^or  0.10 
micron  Hl-fez*rlte  as  comnared  with  a  conventional  one  of  ulmllar  den¬ 
sity  (95^  of  theoretical)  with  crystallites  500  times  larger  (4). 

Ihe  large  peak  in  i^,  typlcsil  of  conventional  ferrites,  is  due  to  a 
resonance  exhibited  by  the  wall  motion  or  domain  rotation,  whichever 
really  exists.  Ve  reached  a  conclusion,  thusly:  if  this  resonance 
were  nonnally  due  to  wall  motion,  it  shoixld  not  appesir  for  our  ultra- 
fine  wall- less  ferrite.  But  since  it  did  persist,  we  must  conclude 
that  domain  rotation.  Instead,  is  the  essentlatl  mechanism  in  Nl- 
ferrlte  for  conventional, as  well  as  \U.tra-fine,  crystallite  sizes. 

This  was  found  to  be  time  in  Nii-vCOj^egO.  also,  where  x  •  0.027, 
0.030,  axid  0.06d.  In  all,  several  dozen  samples  were  tested,  many 
even  smaller  than  0.1  micron,  and  the  eeane  conclusion  was  reached 
In  every  case.  A  possible  argmaent  that  domain  wall  motion  may 
suppleaient  the  domain  rotation  in  tt ;  i.boye  conventional  ferrite 
is  ruled  out  by  the  finding  that  similar  values  of  4'  and  (i"  are 
found  regardless  of  crystallite  size,  if  the  ccoparison  is  made  for 
the  same  densities. 

In  addition,  resonance  frequency  for  domain  rotation  was 
calculated  from  stsmdard  theory  and  compared  with  the  experimental 
resonance  frequency  in  the  manner  of  Smit  and  VI Jn  (5)*  Ctood  agree¬ 
ment  was  found  in  all  cases.  In  m^-Msuremnnts  on  ultra-fine 

Iflj^_jjZn3^e20|^,  where  x  •  0.10,  O.33,  O.5O  and  0.67,  a  similar 
rotational  resonance  again  was  found.  However,  because  the  conven¬ 
tional  ferrite  haul  values  nearly  10  times  those  of  the  ultra- 
fine  ferrites  of  the  same  density,  it  was  concluded  that  in  conven¬ 
tional  NlZn-ferrltes  wall  motion  is  the  predosUnatlng  mechanism, 
idille  domain  rotation  contributes  to  only  a  minor  extent. 

Microvave  Peak.  Let  us  look  at  Fig.  9  again  for  Hl-ferrlte, 
and  observe  the  microwave  frequency  x>eak  near  2000  Mc/s  for  the  con¬ 
ventional  ferrite.  Notice  that  it  In  missing  in  the  ferrite  with 
r  <Dcrlti  appears  again  after  annealing,  when  L^Dcrlt. 
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It  Is  generally  agreed  In  the  standard  theory  that  this  second  reson¬ 
ance  Is  at  too  hl^  a  frequency  to  be  accounted  for  on  the  basis  of 
vail  motion,  and  is  due  to  rotation.  Our  evidence,  too,  Indicates 
that  it  is  due  to  rotation;  but  nevertheless,  that  it  is  directly 
tied  to  the  formation  of  the  walls. 

How  this  can  happen  nuiy  be  seen  from  the  following  reason¬ 
ing.  Polder  (6)  has  already  explained  that  magnetic  poles  will  form 
selectively  on  some  dosiain  vails,  l.e.,  those  In  \rtilch  a  ccnponent 
of  the  rf  field  Is  parallel  to  the  walls  (Y-Z  plane)  and  perpendicular 
to  the  magnetization  Mg  (Z-dlrection).  Statistically,  these  are  Im¬ 
portant,  accounting  for  1/3  the  total  nvnber  of  walls,  and  hence  of 
fx".  Mbst  Important,  poles  on  such  walls  resiilt  in  a  large  damage 
netlzlng  factor  of  ^  tt  .  nils  value  of  is  in  sharp  contrast  to 
that  >dien  walls  are  not  present.  Without  walls,  R^  and  R^  are  effec¬ 
tively  reduced  to  near  zero  by  the  susceptibility  x  of  the  surroundlxig 
medlvn  (7). 

l^ef  f  • 

Therefore,  we  conclude  that  this  large  change  in  demagnetising  factor 
Is  related  to  the  formation  of  the  microwave  peak  as  walls  are  form¬ 
ed  during  annealing  of  the  ultra-fine  crystallites  above 
should  be  noted  that  this  cannot  be  a  density  effect,  since  the  anneal 
changed  the  density  only  about  2^. 

To  carry  this  line  of  reasoning  further,  we  made  a  calcula¬ 
tion  of  the  dcmaln  rotation  resonance  frequency  co  starting  with 
Snoek's  general  equation  (8): 

^  res  “  V  [(Ban  +  "x  M.)  (H„  +  By  M,)]  ^ 

where  If^  the  gyromagnetic  ratio,  and  Is  the  magnetocrystalline 
anlsocropy  field.  Then  as  explcdned  above,  without  walls,  R,^  and 
Ny  ■  0,  and  ^  ^es  *  ^  Bsui*  However,  upon  the  formation  of  walls, 

^ res  Increases  to  the  following  value: 

“re.  -  V  [(Ban  +  ■*  M.)  H„J  * 

In  the  ccuse  of  RlFe20;^,  substituting  the  known  values  of 
using  the  true  ^factor  of  2.13  results  in  ^  ■  2500  Mc/s. 

This  is  in  good  agreement  with  the  observed  resonance  at  2000  Mc/s 
In  Pig.  9  for  the  crystallites  greater  than  DcrltB  including  the 
convencional  sample.  The  all^t  displacement  observed  toward  a 
lower  is  probably  due  to  the  supeiTOsltionlng  of  the  microwave 

nnd  rf  peato. 

In  another  composition,  where  one  normally  observes  a 
microwave  peak  in  the  conventional  material,  namely  1^1,532^0,068 
Fe2®4»  ^  again  obtained  good  agreement  between  our  observed ’peak 
(5000  Mc/s)  and  that  calculated  from  the  leist  equation  (5050  Mc/s). 

We  estimated  a  true  g- factor,  using  2.13  (above),  instep  of  using 
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the  effectlre  c^>factor  of  2.2b.  For  other  Co-  and  Zn-eubstltuted 
Nl-ferrltes  our  reaiilts  vere  consistent  with  the  derived  theory. 
That  Is,  in  general;  where  <*>  ^.ee  calculated  was  low  enou^  to  faOJL 
directly  under  the  rf  peak  and  therefore  be  masked;  It  was  never 
distinguishable  either  In  our  annealed  sasqples  for  D  > 
the  conventional  samples. 


Density  Theory.  Finally,  the  theory  advanced  by  Pippin 
and  Hogaa  l9T?or'Sie'McrowBve  peak  was  tested.  Agreeing  with  stand¬ 
ard  theory  that  this  peak  is  due  to  a  rotational  resonance,  they  sug¬ 
gested  that  its  dlstlngulshabillty  from  the  rf  peak  was  a  density 
effect,  req.ulrlng  a  minianmi  value  of  4.85  g/cm^  in  the  case  of 
NlFe20j[|..  As  density  Increased,  the  rf  peak  would  move  down  in  fre¬ 
quency,  exposing  the  microwave  peak.  However,  we  have  observed 
numerous  exceptions  to  this.  For  example,  we  have  seen  this  micro¬ 
wave  peak  for  D>  DQpj_.(;j  far  below  this  density,  in  particular  for 
4.43  g/cm^.  Also,  as  was  shown  in  Fig.  9,  we  could  not  observe  it 
even  for  5*05  g/cm^,  when  D<D  ...  Moreover,  we  observed  a  strong 
peak  In  a  conventipnally  prepa^a^sao^le  of  supposedly  borderline 
density  (4.89  s/emy)*  Based  on  these  results,  the  density  theory 
appears  to  us  to  be  inconsistent  with  our  es^rimental  evidence. 
Althou^  density  can  shift  the  resonant  frequencies,  it  does  not 
appear  to  be  a  fundamental  criterion  for  the  physical  existence  of 
the  microwave  peak,  as  is  crystallite  size. 


LOW  FIELD  LOSS  AT  MICROWAVE  FREQUENCIES 


An  extension  of  the  above  work  concerning  the  rf  and  micro- 
wave  peaks  was  to  sttidy  ultra-fine  ferrites  vuader  perpendicular  rf 
and  dc  fields.  In  this  case,  one  expects  a  feinraBagnetlc  resonance 
at  a  frequency  obtained  from  given  by  Kittels  equation  (U): 

Heff  -  pH,.*  (I^  -  H*)  pj.  +  (Hy  -  »,)  H^Jr 

which  IS  a  function  of  the  external  biasf^  field 
(labeled  in  Fig.  lO)  and  the  sample  configuration.  In  the  same 
figure,  one  can  observe  the  low  field  losses,  which  peak  at  ■  0. 
Together,  the  two  effects  add  to  fom  a  loss  curve  with  a  double 
maxima.  iSie  source  of  the  low  field  loss  is  known  to  be  domain  rota¬ 
tion  resonance,  as  described  before,  which  can  extend  to  a  hlfiii 
microwave  frequency  given  by  (l2)i  w  ^  m  y  +  4  it  Mb)*  This  is 
because  of  the  random  orientation  and  slmpes  of  the  crystallites.  A 
satxirating  biasing  field,  aligns  all  of  the  magneti¬ 

zations,  and  then  the  sample  resonates  as  one  domain  (Fig.  10,  dotted 
curves). 


We  wished  to  compare  these  effects  with  those  in  an  iiltra- 
fine,  domain-wall-free,  ferrite.  Specifically,  we  wanted  to  observe 
the  effect  on  the  low  field  losses  of  the  absence  of  the  second 
(microwave)  peak  In  the  rf  dispersion  discussed  earliez  (last  sec¬ 
tion)  and  shown  near  2000  Mc/s  In  Fig.  9*  Instead  of  Nl-ferrite, 
however,  we  shall  discuss  !Ii,932Co^0^e204,  since  it  exhibits  this 
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i>lcrointv«  peak  at  a  higher  frequency  (near  $000  Mc/s*)  Ihla  aakea 
it  aore  evident  -when  etqperijapoeed  on  the  rf  peak^  the  latter  falling 
off  to  a  greater  extent  at  the  hi^er  frequency.  All  aeasurfnenta 
vere  taken  In  a  slotted  line  at  505O  Mc/a  vlth  the  coaxial  sasqple 
holder  pleused  between  the  pole  faces  of  an  electroouignet.  Ihe  saaqple 
vas  a  small  toroid,  whose  plane  was  perxMndlcular  to  Hdc* 

For  the  smallest  crystallites  (Fig.  lla^top  curve,  O.23 
micron),  a  single  large  pe^  Is  observed  In  a  range  of  biasing  fields 
extending  to  7OOO  oe.  As  the  crystallites  grow  (middle  curve,  0.35 
micron)  from  several  heat  treatments  at  lO^O^C,  ^Is  peak  divides 
into  two  peaks,  and  finally  becosMs  (lower  ctirve,  >  0.35  micron) 
rather  similar  to  that  of  conventional  ferrites  (ccapar«  Fig.  10, 
solid  line).  The  smaller  size  of  the  resonance  peak  for  the  ultras 
fine  ferrite  compared  to  that  in  Fig.  10  is  probably  due  to  Incomplete 
saturation,  since  the  desagnetlzing  factor  Is  fairly  large  (2*,  est.), 
and  therefore  Heff  le  considerably  reduced. 

Figure  Ub  shows  the  rf  dispersion,  i.e.,  (a"  versus  fre¬ 
quency  for  the  sesse  s8SQ>le8  with  ■  0  (as  in  Fig.  9)*  Crystallite 
sizes  are  In  the  same  order  as  In  Fig.  11a.  There  appears  to  be  a 
correspondence  In  the  appearance  of  the  microwave  peak  (Plg.  Ub)  and 
the  Increase  In  the  low  field  losses  at  *  0  (Fig.  11a).  As  shown 
earlier,  the  microwave  peak  Is  due  to  the  appearance  of  dosialn  walls 
above  a  critical  crystallite  size,  with  the  consequent  fonsation  of 
magnetic  poles  on  them.  These  produce  magnetic  fields  which,  along 
with  H^q,  contribute  to  fiieff •  Domain  rotation  resonance  then  occurs 
at  a  frequency  detemlned  by  Heff*  Conversely,  for  this  to  occur  for 
a  given  frequency,  Heff  must  equal  H  ^^es*  Nc/s,  for  exmaple, 

about  1800  Oe  are  required,  idilch  is  far  more'  than  the  Haw  of  several 
hundred  oersteds.  Demagnetizing  fields  due  to  crystallite  shape  help 
make  up  this  total,  of  course,  but  these  are  reduced  by  interaction 
with  neighboring  crystallites.  So  It  Is  not  too  surprising  that  at 
low  daoaln  walls  with  their  large  demagnetizing  field  4^1^  should 
be  a  major  contributor  to  the  low  field  loss. 

Finally,  we  shall  merely  point  out  the  possible  ^tentlal 
Inherent  In  the  top  curve  of  Fig.  11a  (O.23  micron  sample).  In  this 
curve,  the  point  of  lowest  loss  below  resonance  is  at  <■  0.  But 
Hi"  as  a  function  of  frequency  Is  Just  the  rf  dispersion  (12),  which 
we  foimd  is  determined  by  Han  possible  to  tailor 

the  second  (microwave)  peak  to  give  sufficiently  low  loss  at  some 
frequency.  It  mi£^t  then  be  practical  to  operate  near  ■  0.  re¬ 
quiring  only  small  and  light  magnets  for  biasing. 

MICROWAVE  THRESHOLD  FTCT A«P  Wim  POIRR  T.li!VgLS 


In  this  section  we  will  describe  the  effect  of  ultraF>flne 
crystallites  on  microwave  properties  at  high  signal  levels.  In 
particular,  we  shall  deal  with  the  Instability,  or  degradation,  of 
the  microwave  resonance  beyond  a  specific  rf  signal  strength,  or 
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critical  field  he*  For  device  applications  at  hi  fix  powers  it  is 
desirable  to  increase  he,  while  ■alntalning  the  losses  low.  An  in¬ 
crease  in  he  due  to  ultra-fine  crystallite  else  will  be  d«BK>n8trated, 
and  the  rensinlng  loss  problem  will  be  described. 

The  problem  at  hand  is  as  follows.  At  eq^al  to  Ep^g, 
one  obtains  at  low  powers  a  resonance  peak  similar  to  that  in  Fig.  10, 
dotted  curve.  However,  as  the  power  level  of  the  rf  signal  Increases 
beyond  a  threshold  value,  the  main  resonance  decreases.  In  addition, 
at  blsuBing  fields  hundreds  of  oersteds  lower  another  loss  peak,  the 
so-oeilled  subsldlsury  resonance,  begins  to  appear  at  hl^^  powers.  In 
applications,  these  two  opposite  trends  with  power  degrade  the  char¬ 
acteristics  of  two  types  of  devices.  Those  which  operate  at  the  main 
resonance,  such  as  resonance  Isolators,  require  a  high  reverse- to- 
forward  attenuation  ratio,  and  they  therefore  suffer  from  the  decline 
in  X".  On  the  other  hand,  such  devices  as  circulators  and  phase 
shifters  reqhlre  low  loss  and  operate  below  resonance.  Is., 
fSie  lower  the  the  better,  from  the  point  of  view  of  less  magnet 
welf^t  and  sise.  Hevertheless,  cannot  be  much  less  than 
(Fig.  10),  in  order  to  avoid  low  field  losses,  and  so  it  usually  falls 
in  between,  near  a  loss  nlnlrntm.  But  this  is  genez-ally  in  the  range 
of  the  svhsidlaxy  resonance,  which  results  in  the  deterioration  of 
the  merit  fsustor  of  the  device  at  high  powers. 

The  basis  for  the  ultrm-flne  crystallite  approach  to  the 
above  Instehility  problem  at  high  power  levels  will  be  discussed 
next.  Tnhomngeneit lee ,  eueh  as  ion  distribution,  polycrystallinity 
along  with  megnetocrystsOline  anisotropy,  nonHsagcetic  inclusions, 
sad  surface  roughness  are  known  (lA>)  to  broaden  the  unifozm  preces¬ 
sion  llaewidth  ^  S.  Althou^  he  also  inersases,  the  greater  A  H  de¬ 
creases  the  device  figure  of  merit.  A  desirable  method  would  be  to 
increase  the  llnewldth  A  &  of  the  important  spin-waves,  as  can  be' 
seen  from  Suhl's  equation  ^^5)  the  main  resonance:  (h^/AR)^  » 

A  For  the  subsldlsuy  resonance,  Suhl  obtained  graphically 

a  corresponding  relationship  (l6).  It  is  general  practice,  now,  to 
interpret  his  A  H  shown  on  the  ordinate  aa  a  Thus,  all  other 
varlablee  being  held  constant,  h^  will  Increase  with  A%* 

Aetoally,  Suhl's  general  spin-wave  theory  was  derived  as- 
simtLng  the  crystsillites  greater  than  about  0.1  micron,  idilch  is  cer¬ 
tainly  valid  for  conventional  ferrites,  but  poses  a  question  as  to 
precisely  what  the  theory  predicts  in  the  event  the  cryetallltee  are 
below  this  sise.  At  the  main  resonance,  SchlAsann  (il|.)  has  found 
only  a  mMll  Impirovm  nt  in  the  rate  of  degradation  at  medixai  power 
levels  by  reducing  their  sise  t  to  2  microns  in  yttrltm  garnet.  Be 
attributed  this  to  the  size  of  pores  rather  than  of  crystallites. 

We  expected  that  ultra-fine  crystallites,  whose  boundaries 
constitute  inhomogeneitles  in  the  meditn,  would  interact  with  spin- 
waves  of  coaparable  or  longer  wavelength  X  .  This,  by  ansdogy  with 
the  InhOBOgenlty  broadening  of  A  E,  mlj^t  Increase  A  Since  the 
BTibsldlary  resonance  Involves  spin-waves  (sp.  v. )  ^ose  ^  's  range 
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'between  0.1^  micron  to  infinity,  whereais  the  main  resonance  Inrolves 
much  shorter  X's,  only  the  fomer  was  studied  as  a  function  of  t. 

Loss  susceptibility  X"  was  measured  on  spherical  samples  In 
a  c*vity  with  perpendlciilar  ptaping  at  9^00  Nc/s.  1^1,073^0 
was  used,  since  for  this  Co  content,  the  anisotx>opy  c<^tani  Is*^ 
theoretically  sero,  idxlch  should  provide  a  alnlrniai  This  Is  seen 
from  Schiaaann's  equation  (17):  AH  -  +1.5  Ho)t/v, 

whereAH](  and  are  for  a  single  crystal,  and  v/7  is  the  pore/ssaple 
volxae  ratio.  Thus,  AH  was  a  function  of  densll^  d,  which  depends  on 
the  severity  of  hot-pressing.  The  latter  also  affected  t  (Fig.  12a). 
The  measured  UirMs  (Fig.  12b)  was  in  fairly  good  agreement  with  that 
calculated  (triangles)  from  d  and  Uv  140  ■  3320  gauss  (17).  On  the 
other  hand,  AH  deviate  at  higher  t  and  d  values  from  those  calculated. 
(Fig.  12c).  A^  was  taken  as  70  Oe  (17).  The  Importance  of  this 
la«i  In  AH  Is  seen  from  its  correspondence  with  that  In  X”  (Fig.  13d). 
Thus  the  lowest  losses  occurred  near  t  ■  0.I8  micron. 

The  most  important  result  was  that  the  crltlcskl  field  h^ 
vajrled  generally  inversely  to  t  (Fig.  13e).  In  three  cases  (arrows) 
h^  still  had  not  been  exceeded  at  the  maxlsraa  available  power  in  the 
pressuxdsed  cavity  (h^^  ■  105  Oe).  The  crosses  represent  conventional 
values;  in  Fig.  13e*,  the  conventional  h^  ■  16  Oe*  Subsequent  anneal¬ 
ing,  which  Increased  t,  tended  to  reduce  lu  and  X”  (Fig.  12e*,  13d* > 
e';  Increase  in  t  not  shown).  Of  practical  Interest  is  a  somsary  of 
peaJc  power  P  attained  along  with  the  cost  in  X”  (Thble  l)  •  The  high" 
est  P  (>  2750  Kw)  Is  about  half  the  limit  for  an  X-band  waveguide. 


TABUS  I.  POHER  ARD  LOSS  vs.  CRISTALLITE  SIZE 


_ t  (micron) _ 

Large 

>.35* 

HR9 

.18 

.16 

■■ 

225 

.05** 

>iCo 

*15 

>2750 

•6 

*^Annealed  ^HiAt  Sich  Power  Level 

Finally,  a  qualitative  explanation  of  the  above  dependence 
of  he  (really,  A^^)  on  t  will  be  offered.  To  do  this,  the  afore¬ 
mentioned  graph  of  Suhl  (16)  wsis  used,  along  with  lu,  to  determine 
A  for  the  two  different  biasing  fields  used  (Tsble  H)  . 


TABLE  II*  A  Hfc  VB.  CRXSIAIUaB  SIZE 


20 

>.3S 

■Rl 

.25 

wm 

Bffl 

A  Hk  (1500  Oe) 

32 

51 

79 

87 

111 

A  ^  (2000  Oe) 

32 

57 

105 

129 

179 

Em 

The  general  increase  In  A^  with  smaller  t  een  be  explained  with  the 
aid  of  Fig*  lU,  which  shows  3uhl*a  sp*  v*  spectrum  (lo).  TSm  scdid 
curves  Indicate  the  sp.  w.  band  for  of  I500  Oe.  H  is  the  Inter¬ 
section  of  the  loci  for  the  Importaxit  sp.  v.  frequency  <*>  /a  (i.*., 
half  the  puqp  frequency)  and  for  the  Important  ep.  w.  direction 
9  «  IT  A.  The  vertical  line  (2  tt  /t)  stands  for  the  ep.  v.  whose  \ 
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•qinals  t*  At  t  dtortMtt^  this  liat  aoret  tram.  th«  left  tide  toward 
tht  important  tp.  v.  S.*  elotar  It  ottt  (for  axH^pla^  at  tho«m)> 
tht  greater  will  be  the  Interaction  between  the  inbGBOgenti’ty  and  the 
tp.  V.  (19) f  and  thla  will  broaden  the  tp.  w.  llnewldth  It 

now  the  Bdc  inereated  to  2000  0%,  all  the  tp.  w.  frequeneiet  are 
increated  (dathed  curret).  At  the  ttae  tlae^  the  Iocim  of  the  iiqpor- 
tant  tpin  wawet  aovet  to  !•••»  e^n  oloter  to  2n  /t.  Orati  the 

tp.  w.  Interaction  with  the  inhctogeneity  Increatet  further,  inereat* 
ing  AH|t  sore.  Ihlt  esqplanatlon  teott  to  fit  the  general  trends 
thown  in  Tid>le  H.  Ckreater  weiid^t  hat  been  placed  tacitly  on  the 
shorter  tp*  v*  X*s,  near  O.15  alcron,  than  on  the  long  ones,  tincep 
the  denaity  of  tp.  w.  states  in  l^tpaee  increatet  at  kr,  or  (21^ 

TBMPBRAggRB  nSPEHPaCE  OP  HICTAL  PMIBABILirr 

Althonidi  ferrites  are  generally  aore  suitable  than  powdered 
Fe  for  induetore  above  5  Mte/t,  because  of  greater  '  (taiM  asM^)  and 
Q,  they  are  generally  replaced  by  the  latter  in  selective  circuits 
due  to  the  overall  stability  required.  Tuners  for  ailitary  coaBunl- 
cations  at  this  frequency  connonly  set  overall  drift  Halts  on  ^  *  of 
40.2^  over  -65^  to  8^C.  Hlniaturixatlon  and  stability  are  goals 
^Ebuaxd  which  we  have  been  working.  In  the  ultra*flne  crystallite 
approach,  we  have  been  guided  by  the  standard  thecxy  that  doaud.n  walls 
can  increase  m  *  by  subdividing  finer  and  finer  with  teaperature  T. 

This  aechanlaa  laplles  an  Increased  teaperature  coefficient  (T.C.)  of 
M  '.  But  if  tha  crystallites  are  fine  enoueii,  this  aechanlaa  should 
not  exist.  Based  on  avoy  saaples,  this  appears  to  be  correct  {Fig.  15a). 
For  the  Hi^^Zn,^Fe20l).  shown,  t  ■  0.09  alcron  and  d  ■*  X.69  g/ca^.  Its 
slope  is  an^order  of  aagnitude  less  than  the  conventional  one. 

On  an  enlarged  soal**  (Fig,  15b)  one  can  see  two  peaks,  one 
at  Tq  (which  is  anonalously  high)  and  another  near  O^C*  If  the  cause 
of  the  latter  were  known,  it  might  be  controlled  to  provide  T,S,  *  0 
by  adjusting  the  height  and  separations  of  the  two  peaks.  We  already 
have  evidence  that  increasing  t  increases  the  relative  height  of  the 
Curie  ^ak.  Many  samples  with  T.C.  near  0  have  been  made,  while 
0. 023^7^0  is  comnon.  The  one  shown  in  Fig,  16  is  Ni^^Zn  cFe2Qif  (t"Qlh 
mierw.  d  »  943J  of  theoretical).  Its  tolerance  of  +0,25>  moans  it 
does  not  drift  more  than  that  over  -45®  to  85®C,  Precision  in  the 
measurements  is  estimated  to  he  about  ^,01^.  Its  cooiparison  with 
commercial  (same  frequency  range)  and  conventional  ferrites  (sams 
composition)  is  shown.  Although  its  T.C.  is  lower,  its  Q  is  also 
lower.  Compared  to  stable  powdered  Fo.  itsM  'Q  is  3  timss  higher.  In 
an  air-gapped  pot-core,  then  it  shocOd  have  a  miniaturisation  capa¬ 
bility  of  about  three,  with  greater  m  eff*  30.  similar  Q  *  130  and 
lower  drift  ■  j^.063(.  This  is  less  than  the  for  the  above  core 

whose  T.C.  is  oidy  0.00253(/°G.  The  oomparism  Just  made  for  our  best 
sample  can  be  looked  upon  only  as  an  inUoator  of  a  potential  for 
stable  miniaturised  inductors.  Reproducibility  is  presently  not  comp¬ 
letely  satisfactory  and  requires  some  effort. 
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OORCmSlOIIS: 

A  novel  process  was  devised  to  obtain  aaipoetic  ferrites  in 
previously  unobtainable  conblnatlons  of  ultra^flne  crystallite  size 
(0.1  ad-cron)  and  high  density  (98^  of  theoretical).  These  single 
doealn  size  crystallites  nade  It  possible  to  show  that  dnasln  rota¬ 
tion  Is  the  predominant  aagnetlzatlon  Bechanlsa  In  conventional  Bl¬ 
and  RiCo- ferrites,  while  domain  wall  suction  predominates  In  VlZn- 
ferrlte.  Magnetic  poles  on  doemtln  walls  accounted  for  the  microwave 
peak  In  the  rf  dispersion  of m  ,  while  results  for  the  rf  peak  were 
In  good  agreement  with  rotation  theory.  A  more  detsdled  analytical 
expression  for  the  microwave  peak  was  derived,  which  gave  good  agree¬ 
ment  with  experiment. 

More  practical  results  were  also  obtsdned.  (Ireater  thres¬ 
hold  fields  he  for  the  non-linear  Instabilities  at  high  microwave 
powers  were  found.  At  X-band  these  correspond  to  a  factor  of  4o,  at 
lesuit.  In  Increased  power  level  co^;>ared  to  conventional  ferrites. 

The  loss  la  someidiat  hltfs,  but  continued  study  of  the  loss  mechanlms 
at  low  biasing  fields  smy  improve  It.  Eliminating  domain  walls  re¬ 
duced  the  temperature  coefficient  ^  by  an  order  of  magnitude. 

In  a  pot-core  geoaetry  a  miniaturization  capability  of  a  factor  of 
three  over  powdered  Iron,  which  Is  currently  standard  In  rf  selective 
circuits,  was  obtained. 
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rif .  1  IfaCMtle  OoMda  IfcOl  Mg,  2  Critlead  Omln  Slse 


Fig.  3  PleBM-Spraar 
(Scht  -tie) 


Fig.  4  FlMM-Spray  Hozsle 
(Shovn  Operating) 


•  .f 


Fig.  3  Electron  MLerograpli  Fig.  6  Bot-Fress  (Scheaatic) 
of  Fljoae-Spray  Ferrite 
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EFFECT  OF  FILLER  COHCBIITRATIOK 
ON  THE  VISCOELASTIC  RESPONSE  OF  A 
FILLED  FOLTKER  STSTQI 


DONALD  L.  MARTIN,  JR. 

U.  S.  ARMT  MISSILE  COMIAND 
REDSTONE  ARSENAL,  ALABAMA 


Th«  addition  of  aolid  inorfanic  fillar  partiolaa  to  a  pol/- 
aaric  aatarial  influanoaa  ita  phyaioal  raaponaa  throu^  adhaaion  of 
bindar  to  fillar  partiolaa  (l),  ohancaa  x'*  oroaalinkad  danaity  (2,3), 
Tarioua  hydrodynaaio  affaota  (4)»  And  atrain  or  atraaa  oonoantrationa 
produoad  about  tha  fillar  partiolaa  (l).  Tharafora,  tha  aaohanioal 
propartiaa  of  ooapoaita  aolid  propallanta  ara  dapaadant  on  tha  roluaa 
fraction  of  fillar,  the  Tiaooalaatio  propartiaa  of  tha  bindar,  and  tha 
intaraotion  batwaan  tha  bindar  and  fillar  partiolaa,  A  program  waa 
conduotad  to  datarmina  tha  total  affaot  of  roluma  raotion  of  fillar 
partiolaa  on  rarioua  aaohanioal  propartiaa  of  tha  FBAA  propallant  aya- 
tam. 

EXPERIMENTAL  PROCEDURES!  Fira  ooapoaiij.ona  of  tha  FBAA  poly- 
maric  ayatam  ware  praparad  vith  fillar  fraotiona  of  0,  21,  42,  63,  and 
84  parcant,  raapaotivaly,  uaing  the  aame  lot  of  raw  matariala,  Tha 
ingradianta  wara  thoaa  oommonly  uaad  to  maka  propallanta.  All  oompoa- 
itiona  vara  ourad  at  140*F  for  64  houra. 


Taat  data  vara  obtainad  vith  an  Inatron  tanaila  taatar,  uaing 
andobondad  apaciaana  approxiiaataly  l/2  In.  aquara  in  oroaa  aaotion  and 
4  in.  in  langth,  and  maaaurad  undar  uniaxial  tanaion  at  oonatant  atrmin 
rataa.  Croaahaad  rataa  of  0.2,  2.0,  and  20.0  in. /min.  vara  uaad  at 
rarioua  taaparaturaa  ranging  from  180  to  -90*F.  Aa  could  ba  axpaotad 
from  tha  viacoalaatio  natura  of  tha  FBAA  bindar,  the  ahapa  of  tha 
atraaa-atrain  curvaa  vaa  aarkadly  affaotad  by  atrain  rata,  taaparatura, 
and  fillar  fraction.  Tha  atrain  anargy  danaity  at  failura  vaa  maaaurad 
with  an  intagrator  uaad  in  conjunction  vith  tha  Inatron  taatar.  Tha 
integrator  reading,  rapraaantlng  tha  area  undar  tha  Inatron  load- time 
curra,  vaa  convartad  to  atrain  anargy  danaity  at  failura  by  tha 

.xpr...ion  (F.sJ  (C.H.S.)  .  ln..lb../in.3 

-  5000  cv) 
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Q  ■  strain  snarfy  danaity  at  failtira 
I  -  Intainrator  raadlniT 
F.S.>  full-aoala  load  In  Iba* 

oroaahaad  apaad  In  In./aln. 

T  ■>  Toluaa  of  saapla  in  in^ 


Tha  ^000  figura  ia  tha  intagrator  calibration  count  which  rapraaanta 
full-acala  load  for  1  ain.  Tha  intagrator  aathod  waa  uaad  baoauaa 
tha  gaM  langth  raaaina  aaaantially  constant  with  bondad-and-tab  spao- 
iaanb  (3).  Strasa  oaloulatad  on  tha  original  oroaa-saotional  araa  waa 
oonrartad  to  trua  strasa  by  multiplying  by  tha  principal  axtanaion 
ratio  X.,  baaad  on  tha  aaauaption  that  Poiason'a  ratio  ia  0.3  (6).  Tha 
Bodulus  E  is  tha  Initial  alopa  of  tha  oorraotad  strasa  strain  curva. 

Tha  aaziaua  strasa  or strain  at  braak<b  »  aodulus  E,  strain  anargy 
dansity  at  failura  Q#  raduoad  strass-strain  data  wars  suparposad 
satisfactorily  according  to  tha  aodifiad  W.L.F.  aquation  (7) 


log  9^ 


-Oj  (  T.T^) 

Cj  ♦  (  T-T,5 


(2) 


whara  a.  •  shift  factor  relating  tiaa  to  taaparatura 
T^  -  tast  taaparatura 
T  -  r'sfaranca  taaparatura 

C.  &  cj  -  aapirical  constants  datarainad  froa  axpariaantal 
^  data  (for  tha  FBAA  systaa  and  a  rafaranoa  taaparatura 

of  73*P,  Cj^  -  6.12  and  .  125) 

Tha  ohosan  rafaranoa  taaparatura  (T^)  was  73*P(  nnd  C.  and 
C-  wars  datarainad  aapirical ly  to  giva  tha  bast  fit  to  axpariaantal 
values  of  log  a^.  Tha  axpariaantally-datarainad  log  am  is  tha  shift 
factor  required  to  suparposa  various  line  sagaants  of  data  on  tha  ra¬ 
duoad  tiaa  axis,  each  sagaant  being  aaasurad  at  a  different  constant 
taaparatura  T.  In  Fig.  1  tha  axpariaantal  values  of  log  ap  are  shown 
to  be  in  good  agreeaant  with  those  predicted  by  the  aodifiad  W.L.F. 
aquation  raprasantad  by  tha  solid  line. 


RESULTS I  The  resulting  data  are  graphically  illustrated 
for  various  relationships  and  conditions.  Figures  2,3,4,  and  3  ahow 
tha  logarithm  of  maximum  stress,  modulus,  strain  anargy  density,  and 
strain  capacity  versus  the  logarithm  of  reduced  tiaa  for  the  0,  21, 

42,  63,  and  84  percent  filler  fractions.  Figure  6  plots  the  logarithm 
of  reduced  stress  versus  the  logarithr.  of  reduced  strain  for  each  of 
these  filler  fractions,  and  thvis  T<»pre8ants  the  stress-strain  relation¬ 
ship  in  tha  initial  portion  of  tha  stress-strain  curves.  Each  curve 
was  shifted  by  an  aaoxint  A  for  oonvanianoa  in  presentation.  Tha  stress, 
modulus,  and  strain  anargy  dansity  data  ware  correlated  with  the  net 
cross- sectional  araa  of  the  binder  by  dividing  by  (l  -4>),  whara  4> 
raprasants  tha  voluao  fraction  of  filler  particles  present  in  the 
systaa. 
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TeMi>CRAruRE  •r 

Fig.  1.  a,p  VERSUS  TEMPERATURE 


Flgur«t  2,  3i  4*  And  3  indloatt  th«  dapandtnot  of  tlw  logmritha  of 
naxiaum  straas*  modulus,  strain  snsrgy  dsnsity,  and  strain  oapaoity, 
rsspsotivsly,  on  ths  flllsr  fractions  4>  at  constant  values  of  ths  log¬ 
arithm  of  rsduosd  time, and  show  th«  variation  of  thsss  properties  with 
filler  fraction  at  a  given  strain  rate  and  temperature. 

Maximum  Stress.  Modulus.  Strain  Energy  Density.  Stress- 
Strain  Relatlonshlpt  These  four  mechanical  properties  are  affected  in 
a  similar  manner  by  the  addition  of  filler  particles,  and  will  be  die- 
cussed  as  a  group* 


As  shown  in  Figs.  2,  3f  and  4»  the  addition  of  filler  par¬ 
ticles  to  the  FBAA  polymeric  system  increases  the  stress,  modulus,  and 
strain  energy  density  of  the  binder.  It  was  observed  that  a  shift  of 
the  data  to  lower  values  of  reduced  time  would  permit  superposition 
into  a  mechanical  response  spectrum  representing  the  response  of  the 
system  at  sosm  selected  temperature  «nd  filler  fraction  over  an  extend¬ 
ed  time  scale.  The  analogy  noted  between  the  shift  factor  relating 
time  to  temperature  and  the  one  suggested  here  relating  time  to  volume 
fraction  of  filler  led  to  the  following  formulas 


log  •4, 


(<!>  -♦,  ) 

+  (■!>  -4',  ) 
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Fi«.  u.  STOAIK  amar  dehshi  fi«.  5.  smm  oapaoitt  vjbsus  reduced  the 

AT  FAILtJHE  VERSUS  REDUCED  TIME 


I 


karth 


yAi^rm  •  fillar  fraction  shift  factor 

0  -  ToluM  fraction  of  filler 


«  empirical  constants  determined  from  experimental  data 
>  reference  filler  fraction 


Inverting  Eq.  (3)  yields  the  following  expressiont 

_ ^  ^  (4) 

log  a^  Bi  (4>  -4»g)  Bi 

and  the  plot  of  1  versus  1  then  yields  a  strai^t  line  of 
log  a<|,  -  4>,} 

slope  ^  and  an  intercept  1  •  From  Fig.  7,  which  treats  data  in  this 

51  "55; 

manner,  the  following  values  osn  be  calculated  for  the  FBAA  system 


Bi  - 


-  12.5 


intereept 
B2  »  slope  B^  m  1.43 

Substituting  these  values  in  Eq,  (3)  will  result  in  the  following  ex¬ 
pression  for  the  FBAA  systemt  .  . 

12.5  (<l>  -<l>,  ) 

■  1.45  +  (♦  -♦,) 


Figures  6  and  9  show  the  maximum  stress,  or  log 


on  A 
1  -  4>  T 


and  the  logarithm  of  strain  mergy  density,  or  log 


r  V  - 

1-T  T 


,  respec¬ 


tively,  versus  the  logarithm  of  doubly  reduced  time,  log  1  t  Pig, 

10  respresents  the  logarithm  of  modulus  log  I  E  jb|  versus  the  log- 


■  E  !.■ 


arlthm  of  doubly  reduced  time  log _ 1 


{  Fig.  11  represents  the  log- 
T 


a^*^  Ra,p 

arithm  of  the  doubly  reduced  stress,  log  I  g  1  "s  I .  versus  the 

%-h^\ 

logarithm  of  the  doubly  reduced  strain,  log  <  .  and  is  referred 

to  as  the  doubly  reduced  stress-strain  curve.  These  graphs  illustrate 
dependence  of  the  various  properties  on  strain  rate,  temperature,  and 
filler  fraction.  Good  agreement  was  obtained  between  the  experimental 
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Fig.  6.  REDUCED  STRESS  VERSUS  REDUCED  STRAIN 
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0  0.S  1.0  l.s  1.0  1.9  9.0  9.9  4.0  4.9  9.0 


Fie,  7.  1  VERSUS  THE  BECIPROCAL  FILLER  FRACTION 

log 


Fig.  8.  MAXIMUM  STRESS  VERSUS  DOUBLT  REDUCED  TIME 
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Y*lu«i  of  log  ^  and  thoaa  oaloulatad  by  Bq.  (^).  Figura  12  indlcataa 
tha  dapandanoa  of  log  ^  on  tha  fillar  fraction  <t>*  with  tha  solid  lina 
rapraaanting  £q.  (5)« 


Suparposition  of  tha  initial  aodulua  and  straas-atrain  data 
oould  not  ba  aohiarad  by  applying  tha  aaaa  shift  factor  aa  was  usad 
for  tha  ultiaata  proparty  data*  baoausa  tha  aaehanlcal  propart ias  of 
ooapoaita  propallanta  dapand  on  th»  dagraa  of  adhasion  of  tha  bindar 
natvork  chains  to  tha  surfaoa  of  tha  fillar  partiolaa*  with  tha  dagraa 
of  adhaaion  in  turn  dapandant  on  tha  axtansion  of  tha  saapla  (l).  Thia 
ralationship  is  subatantiatad  by  strain  dilatoastrlo  atudias  which 
indicate  that  batwaan  saro  and  aoM  critical  strain  no  voluaa  change 
occurs  (6)«  At  greater  strains  soaa  dawatting  ocoursf  due  to  failure 
of  tha  adhasiva  bonds  batwaan  tha  bindar  and  fillar  partiolast  and 
this  dawatting  phanoaanoa  is  likawlaa  dc^>andant  on  aztanaion  of  tha 
saapla.  Tharafora,  as  azpaotad,  tha  affect  of  fillar  fraction  is  aora 
pronounced  on  maohMioal  properties  in  tha  initial  portion  of  tha 
strass'strain  curve  (Figs.  3  end  6)  than  on  properties  near  failure 
(Figs.  2  and  4).  Tha  affect  of  fillar  fraction  (a^)  on  tha  initial 
straaS'Strain  properties  (little  or  no  dawatting)  may  ba  approximated 
by  tha  ultimata  property  data  a^  (da%ratting  phenomenon  baliavad  to  ba 
eomplatad)  raised  to  tha  2.3  power.  This  may  ba  stated  mathamatioally 


as  follows! 


4 


•I- 


(6) 


where  al  is  tha  affect  of  fillar  fraction  on  modulus  and  initial 
stress-strain  ralationship,  and  a^  is  tha  affect  of  fillar  fraction  on 
tha  ultimata  property  data. 

Ultimata  Strain!  In  tha  literature  on  viscoelasticity,  var¬ 
ious  mechanical  models  composed  of  springs  and  dashpots  have  bean  usad 
to  represent  tha  viscoelastic  properties  and  dascrlbs  the  response  of 
different  materials  (7).  The  springs  represent  tha  elastic  components, 
and  tha  dashpotc  tha  viscous  or  tima-dapandant  components,  nia  addi¬ 
tion  of  rigid  fillar  particles  tends  to  change  tha  rasponaa  of  a  vis¬ 
coelastic  madivia  through  increased  viscosity  and  stress  and/or  strain 
concentrations  about  tha  fillar  particles  (1.6).  Both  factors  tend  to 
reduce  tha  strain  capacity  of  a  viscoal^etio  m^ium.  Tha  decrease  in 
the  strain  capacity  of  tha  PBAA  systaL.  .ith  addition  of  fillar  parti** 
clas  at  a  given  strain  rata  and  tamparatura  is  presented  in  Fig.  3. 
Althou^  tha  curves  (Fig  3)  oould  not  be  auparposad  by  using  tha  a«|i 
factor,  it  was  observed  that  tha  master  curve  representing  tha  strain 
oaiwoity  of  tha  FBAA  system  versus  strain  rata,  tamparatura,  and  fill¬ 
ar  fraction  oould  ba  achieved  by  use  of  vertical  and  horizontal  shift 
factors  (Fig.  14).  The  ratio  of  tha  horizontal  shift  to  tha  vertical 
shift  required  for  optimum  suparposition  was  4  to  1,  and  implied  tha 
following  relationship! 


log  •ti  ■  4  log^ 


(7) 


2?0 


mir-TT 


ftr)  shift  fsotor  alone  ths  horiiontal  or  roduosd  tiao  axis, 

and0  is  ths  shift  factor  alone  ^hs  Tsrtioal  or  strain  oapaoity  axis* 

If  ws  assuas  that  a^^  rsprsasnts  ths  shift  factor  associated  with  ths 
apparent  chaness  in  ths  viscous  ooaponsnt  of  strain  idiioh  aocoapany 
ohaness  in  filler  fraction,  then  3  can  represent  ths  reciprocal  of  ths 
strain  concentrations  induced  by  filler  particles*  This  is  iaplied  in 
the  fact  that  once  the  data  have  been  shifted  alone  ^he  reduced  tiae 
axis  to  account  for  ohaness  in  the  viscous  ooaponsnt  with  addition  of 
filler  particles,  use  of  the  factor^  would  superpose  the  strain  oapa> 
city  data  for  a  girmn  filler  fraction  over  ths  full  tiae  spectrua. 

This  can  be  expressed t 

loe*o  -  loe  «<j>  ^  (8) 

or  in  texas  of  strain  concentration  factors, 

-o(^)  (9) 

where  <  the  strain  oapaoity  for  FBAA  with  a  particular  filler 
fraction,  4> 

«  the  strain  capacity  for  FBAA  guastook  at  ths  seas  doubly 
reduced  tiae,  log  1 

N  ■S 

1  ■  th*  atrmin  oone*ntr*tion  factor 

The  following  sapirioal  formula  was  derived  for  the  dspen> 
dence  of  the  strain  concentration  factor  1  on  the  filler  fraction. 

1  -  0.780  -  0.790  (<1>)  for«j)>20jt  (lO) 

5 

This  equation  will  predict  the  strain  concentration  factor  for  FBAA 
omposites  with  filler  fractions  greater  than  20  percent.  The  experi* 
Diental  points  in  Fig  13  iaply  that  with  filler  fractions  greater  than 
20  percent  the  strain  concentration  factor  1  is  linearly  dependent  on 

the  filler  fraction.  If  this  behavior  is  ulual  for  FBAA  composites  in 
general,  the  values  of  ^  and  a,,  can  be  estioated  from  Eqs*  (7)  end  (lO). 

0 

For  predicting  the  strain  concentration  factor  for  oonposites 
ites  with  filler  fractions  of  less  than  20  percent,  Eq.  (ll)  proposes 
a  relation  based  on  a  modification  of  Einstein's  viscosity  law  with 
various  shape  factors.  This  method  has  been  suggested  by  Guth  (8)  for 
other  properties.  The  shape  factor  takes  into  account  various  sgglosi- 
orations  of  filler  particles  and  presumably  could  depend  on  the  filler 
fraction  in  the  system. 

-X-  -  ^  -  1  -XaliL— 

0  <0  1  ♦ 
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wh«r« /  2.5  \  la  Intarpratad  aa  tha  form  factor  and  the  other  ayabola 


have 


tna  taa 


definition  glren  prevlouaiy*  With  this  equation  the 


strain  concentration  factor  1  for  a  20-peroent  filler  fraction  is  the 

saae  as  that  obtained  with  E^.  (10)»  and  approaches  the  value  of  1.0  as 
the  filler  fraction  approaches  sero.  The  two  equations  were  applied  to 
the  ^  from  Fig.  ^  to  plot  the  skaster  curve  in  Fig.  14»  which  thus 
represents  the  strain  capacity  of  the  PBAA  binder  system  versus  strain 
rate,  temperature,  ana  filler  fraction,  over  an  extended  time  scale. 


Failure  envelopee  for  PBAA  with  various  filler  fractions 
are  presented  in  Fig.  1^  as  the  logarithm  of  maxlmua  stress. 


log 


,  versus  the  logarithm  of  the  strain  capacity,  log  *b. 


These  data  indicate  the  critical  stress-strain  combination  for  uniax¬ 
ial  failure  and  the  effect  of  filler  fraotlon  on  this  relationship. 


COHCUSIONSi  The  addition  of  filler  to  the  PBAA  polymeric 
system  Increases  the  maximum  stress,  modulus,  strain  energy  density, 
and  stress-strain  properties,  with  a  corresponding  decrease  in  the 
strain  capacity.  The  same  time- temperature  shift  factor,  log  a^,  can 
bo  satisfactorily  applied  to  all  formulations  of  the  PBAA  system  inves¬ 
tigated.  The  logarithm  of  maximum  stress  and  strain  energy  density  at 
failure  for  all  filler  fractions  can  be  represented  as  the  respective 
response  spectrum  i^en  plotted  versus  the  doubly  reduced  time.  The 
time  scale  is  shifted  once  by  the  amount  log  aqi  to  account  for  the 
different  temperatures,  and  once  by  log  a^  to  account  for  the  different 
filler  fractions.  The  logarithm  of  the  time-teaperature  shift  factor 
and  the  filler  fraction  shift  factor  can  be  calculated  by  the  modified 
W.L.F.  type  equations,  (2)  and  (3).  Response  opectruns  of  the  modulus 
and  the  reduced  stress-strain  data  for  all  filler  fractions  can  be 
constructed  by  use  of  the  doubly  reduced  time,  provided  the  logarithm 
of  the  filler  fraotlon  shift  factor  as  obtained  from  the  ultimate  prop¬ 
erties  is  multiplied  by  2.5.  This  factor  accounts  for  the  difference 
between  the  binder-filler  interaction  at  small  strain,  kdiere  only  minor 
dewstting  has  occurred,  and  that  at  the  ultimate  strain,  where  major 
dewetting  of  the  filler  particles  has  occurred  (6). 

The  decrease  in  the  strain  capacity  due  to  the  addition  of 
filler  particles  can  be  empirically  treated  by  introducing  a  strain 
concentration  factor  1  on  the  strain  capacity  axis  and  a  viscous  com¬ 
ponent  factor  a,^  on  tie  doubly  reduced  time  axis.  For  filled  PBAA  sys¬ 
tems,  it  is  proposed  that  these  factors  be  predicted  hy  Eqs.  (7),  (lO), 
and  (ll).  Using  a  combination  of  either  these  equations  or  Figs.  13 
and  14  and  the  appropriate  strain  rates  for  low  temperature  equilibrium 
thermal  shrinkage  in  a  large  composite  propellant  rocket  motor  results 
in  the  approximate  rule  that  an  additional  1-percent  increase  in  filler 
fraction  will  result  in  2-percent  decrease  in  the  propellant's  strain 
capacity. 
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Pig.  13.  STRAIN  CONCENTRATION  FACTOR  VERSUS  FILLER  FRACTION 
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Fig.  Hi.  STRAIN  CAPACrry  VERSUS  DOUBLT  REDUCED  TIME 
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At  LOS  e  % 


Fl«.  15,  STRESS  VERSUS 
STRAIN  CAPACITT 
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Th«  data  praaantad  in  Fi^.  8,  9»  10,  11»  and  15,  along  with 
Eqs.  (2),  (9)1  (7)>  (10),  and  (11),  mak*  it  posaibla  to  astiaato  tha 
■aohanical  rasponsa  of  tha  FBAA  propallant  aystaa  at  any  daairad  strain 
rata,  taaparatura,  and  fillar  fraction  within  tha  applioabla  tlaa  apao- 
trua.  Tha  ability  to  pradlct  this  bahavior  should  prova  axtranaly  wal- 
uabla  to  both  the  dasign  anginaar  and  tha  propallant  synthasizar. 
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THE  STRENGTH  OF  PORTLAND -CEMENT  CONCRETE 
AS  AFFECTED  BY  AIR,  WATER, 

AND  CEMENT  CONTENT 


BRYANT  MATHER 

U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
JACKSON,  MISSISSIPPI 


Introduction 


The  sedimentary  rocks  known  as  conglomerate  and  breccia 
consist  of  sand  and  gravel  or  of  fine  and  coarse  broken  rock  bound 
together  by  a  cementing  medium.  The  art  of  making  artificial  con¬ 
glomerate  or  breccia  -  concrete  -  has  been  known  and  practiced  by 
builders  for  at  least  two  millennia.  Research  to  discover  ways  of 
making  better  or  more  economical  concrete  has  been  carried  on  through¬ 
out  this  period.  Vitruvius,  in  the  first  century  A.D.,  reported 
results  of  research  Indicating  advantages  to  the  use  of  organic 
materials  such  as  lard  as  admixtures  In  concrete. 


Air  Entrainment 


In  about  1938  It  was  observed  that  concrete  pavements 
made  with  portland  cements  containing  tallow  possessed  superior 
resistance  to  frost  damage.  Between  1938  and  1942  it  was  found 
that  improved  frost  resistance  could  be  imparted  to  concrete  by 
the  use  of  a  variety  of  organic  admixtures;  that  these  materials 
possessed  the  common  characteristics  of  producing  foams  when  the 
concrete  was  mixed;  and  that  the  Improved  frost  resistance  was 
the  result  of  the  presence  of  air  bubbles  distributed  throughout 
the  cement-paste  portion  of  the  concrete  mixture.  Since  1942  the 
relation  of  frost  resistance  and  air  entrainment  has  been  exten¬ 
sively  studied,  and  since  1944  the  Corps  of  Engineers  has  generally 
required  that  air  be  entrained  In  concrete  that  would  be  exposed 
to  freezing.  Extensive  studies  have  indicated  that  the  amount  of 
air  needed  for  frost  resistance  is  about  9  percent  of  the  volixne 
of  the  mortar  fraction  of  the  concrete  or  about  4-1/2  percent  of 
the  volume  of  a  concrete  mixture  made  using  1-1/2-ln.  coarse 
aggregate. 
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Strength 


The  strength  of  concrete  depends  on  many  factors,  the 
most  Important  of  which,  normally,  is  the  relative  weight  of  water 
used  per  unit  weight  of  cement.  With  the  intentional  introduction 
of  air  as  an  ingredient  of  concrete  mixtures,  it  was  found,  as 
might  have  been  expected,  that  the  strength  tended  to  be  reduced, 
and  the  mobility  and  workability  of  the  mixture  tended  to  be  in¬ 
creased  as  air  was  added.  Since  no  increase  in  mobility  was  nor¬ 
mally  needed,  it  was  found  that  by  using  less  water  when  air  was 
added,  the  desired  amount  of  air  could  be  entrained  without  the 
increase  in  mobility  and  the  strength- lowering  effect  of  the 
introduced  air  could  be  partially  or  completely  overcame.  In 
mixtures  of  relatively  low  cement  content,  the  change  to  the  use 
of  entrained  air  permitted  greater  relative  reductions  of  water 
content  to  maintain  but  not  increase  workability  than  were  possible 
with  richer  mixtures. 


Optimum  Air  Content 


Recently  the  Chief  of  Engineers  authorized  the  U.  S. 

Army  Engineer  Waterways  Experiment  Station  to  study  mass  concrete 
mixtures  of  low  cement  content,  such  as  are  used  for  the  interior 
concrete  in  large  dmns  wl.ere  frost  action  is  not  a  factor,  to 
develop  data  on  what  might  be  their  optimum  air  content.  Such 
mixtures  are  now  required  to  contain  air,  but  the  prescribed  limits 
on  air  content  have  been  those  developed  for  achieving  frost 
resistance. 


Previous  Results 


From  previously  reported  studies  it  was  known  that  the 
strength  of  any  concrete  mixture  would  be  lowered  or  raised  by 
about  S  percent  for  each  1  percent  of  air-void  volume  that  was 
added  to  or  removed  from  it.  From  typical  curves  of  the  relation¬ 
ship  of  water-cement  ratio  and  strength  it  was  observed  that, 
for  a  S  percent  change  in  strength, a  change  in  water-cement  ratio 
of  0,03  by  weight  would  be  required.  It  was  thus  apparent  that, 
when,  by  the  introduction  of  entrained  air  into  a  concrete  mixture 
of  otherwise  satisfactory  workability  and  strength-gaining  proper¬ 
ties,  the  water  content  is  reduced  0.03  pounds  per  pound  of  cement 
for  each  percent  of  air  introduced,  changes  in  air  content  should 
be  accompanied  by  no  change  in  strength.  If,  on  the  other  hand, 
the  reduction  of  water  content  to  maintain  workability  is  less 
than  0.03  pounds  per  pound  of  cement  per  percent  of  air  added, 
the  strength  will  be  reduced  as  the  air  content  is  raised,  and 
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more  cement  will  be  needed  in  order  to  maintain  strength  and  worka<’ 
blllty  by  permitting  a  further  reduction  of  water -cement  ratio. 
Finally^  however,  if  the  reduction  of  water  content  to  maintain 
workability  Is  more  than  0.03  pounds  per  pound  of  cement  per  per¬ 
cent  of  air  added,  the  strength  will  tend  to  be  raised,  and  less 
cement  will  be  needed  to  maintain  strength  and  workability.  The 
change  of  0.03  pounds  of  water  per  pound  of  cement  per  percent 
of  air  Is  0.048  cubic  feet  of  water  per  cubic  yard  of  concrete 
per  100  pounds  of  cement.  As  shown  in  Fig.  1,  this  means  that 
water  must  be  removed  In  the  amount  of  35.6  percent  of  the  volume 
of  air  Introduced  Into  a  mixture  containing  200  pounds  of  cement 
per  cubic  yard.  If  no  change  In  strength  is  to  occur.  As  the 
cement  content  of  the  mixture  is  Increased,  the  magnitude  of  change 
in  volume  of  water  as  a  fraction  of  the  change  In  volume  of  air 
required  to  maintain  strength  Increases. 


Laboratory  Work 


Three  concrete  mixtures  of  different  cement  content  were 
proportioned  without  the  use  of  an  alr-entralnlng  admixture.  Each 
of  these  mixtures  was  then  modified  by  the  introduction  of  an  alr- 
entralnlng  adtailxture  in  appropriately  Increasing  amounts  to  cause 
entrained  air  contents  of  varying  amounts  up  to  12  percent  ex¬ 
pressed  as  proportional  voltnaa  of  that  portion  of  the  mixture 
finer  than  a  1-1/2-in.  sieve.  In  modifying  each  mixture,  it  was 
required  that  the  cement  content,  the  coarse  aggregate  content, 
the  mortar  content,  and  the  workability  be  kept  constant.  Thus 
It  was  required  that,  as  air  was  added,  a  volume  of  water  plus 
fine  aggregate  be  removed  equal  to  the  volume  of  added  air.  What 
the  experiment  was  designed  to  determine  was:  (a)  what  the  ratio 
of  water  to  fine  aggregate  was  in  the  volume  of  water  plus  fine 
aggregate  that  needed  to  be  removed  to  keep  the  workability  con¬ 
stant;  (b)  whether  this  ratio  changed  with  change  in  air  content 
for  a  concrete  mixture  of  given  cement  content;  and  (c)  %diether 
this  ratio  changed  for  mixtures  of  different  cement  content. 


Results 


It  was  found  that,  for  the  three  mixtures  studied,  the 
ratio  of  water  to  fine  aggregate  did  not  change  with  changes  in 
air  content  for  a  concrete  mixture  of  given  cement  content  but 
did  change,  apparently  linearly,  with  change  In  cement  content. 
Specifically,  It  was  found  that,  for  the  three  cement  contents 
studied,  the  ratios  of  water  to  fine  aggregate.  In  the  volume  of 
water  to  fine  aggregate  that  needed  to  be  removed  as  the  air 
content  was  Increased,  were  as  follows: 
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Cement  Content 
Ib/cu  yd 


Ratio  of  Water  to  Fine 
Aggregate,  by  Volume 


235 

376 

442 


60:40 

50:50 

45:55 


Dlacuaslon 


These  relations  are  shown  In  Fig.  1.  They  Indicate  chat 
for  a  concrete  mixture  containing  310  pounds  of  cement  per  cubic 
yard  the  amount  of  water  removed  per  unit  volume  of  air  added  Is 
0.03  pounds  per  pound  of  cement  per  percent  alr»  the  value  cal¬ 
culated  Co  be  Chat  at  which  the  air  content  could  be  changed  with 
no  change  In  strength.  It  Is  also  Indicated  that,  for  mixtures 
of  higher  cement  content,  the  amount  of  water  that  can  be  removed 
will  always  be  less  than  sufficient  to  compensate  for  the  effect 
of  the  added  air  In  reducing  strength.  Thus,  for  mixtures  richer 
than  310  pounds  of  cement  per  cubic  yard,  the  optimum  air  content 
will  be  the  minimum  consistent  with  other  requirements,  such  as 
frost  resistance.  However,  for  lean  concretes  containing  less 
than  310  pounds  of  cement  per  cubic  yard,  the  optimum  air  content 
to  achieve  the  desired  strength  at  minimum  cement  demand  will 
be  the  maximum  that  It  Is  practical  to  obtain.  The  present  require¬ 
ment  Is  4.5  ^  1.5  percent  In  that  part  of  the  mixture  liner  than 
the  l-l/2-in.  sieve.  The  laboratory  results  also  suggest  that, 
with  mixtures  such  as  those  that  were  studied  and  an  air-entralnlng 
admixture  of  the  type  employed,  the  practical  limit  of  air  en¬ 
trainment  will  be  In  the  range  9-12  percent  air  in  the  portion 
finer  than  the  1-1/2-in.  sieve,  since  It  appears  that  the  amount 
of  air-entralnlng  admixture  required  for  each  additional  percent 
of  air  to  be  entrained  increases  sharply  in  this  range. 


Summary 


The  strength  of  a  particular  sample  of  portland-cement 
concrete  Is  the  result  of  the  Interaction  of  many  factors  relat¬ 
ing  to  the  properties  of  the  individual  constituents,  the  propor¬ 
tions  in  which  they  have  been  combined,  and  the  history  of  the 
concrete  prior  to  the  time  at  which  its  strength  Is  of  interest. 
One  of  the  most  significant  of  the  factors  affecting  strength 
l3  the  ratio  of  the  quantity  of  water  used  to  the  quantity  of 
cement  used.  With  the  use  of  alr-entralned  concrete  to  provide 
frost  resistance.  Interest  In  the  effects  of  air  content  on 
strength  has  developed.  Most  of  the  work  done,  however,  has 
concerned  m  nlmlzation  of  reduction  In  strength  at  the  air  content 
level  needed  for  frost  resistance. 
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Air  entralninent  la  also  eoployad  In  concrete  produced  for 
use  in  the  Interiors  of  large  dams.  A  question  was  raised  as  to  the 
most  desirable  air  content  level  for  such  concrete.  Work  done  at 
the  Waterways  Experiment  Station  indicated  that,  for  concrete  mix¬ 
tures  of  fixed  cement  content,  workability  could  be  maintained 
unchanged  as  the  proportions  of  air:sand:water  were  changed.  It 
was  found  that  this  could  be  done  by  removing  or  adding  a  volume 
of  sand  and  water  equal  to  the  volume  of  air  that  was  added  to  or 
removed  from  the  mixture  as  the  amount  of  air-entraining  admixture 
used  was  increased  or  decreased.  The  ratio  of  water  to  sand  in 
the  sand  and  water  volume  added  or  removed  was  found  to  vary  with 
the  cement  content  of  the  concrete,  from  60:40  to  45:55  in  the 
tests  made. 

Previous  work  indicated  that,  if  only  the  air  content 
changed,  the  strength  might  be  expected  to  be  reduced  by  about 
5  percent  for  each  percent  of  air  added.  It  was  also  indicated 
that  strength  would  be  expected  to  be  increased  about  5  percent 
for  each  reduction  of  0.03  in  water-cement  ratio  by  weight.  By 
combining  these  relationships  with  the  test  data,  a  relation  was 
developed  which  suggested  that  for  a  concrete  mixture  containing 
about  310  pounds  of  cement  per  cubic  yard  the  air  content  could 
be  changed  without  changing  the  strength,  but  for  richer  mixtures 
the  strength  would  tend  to  be  reduced  as  the  air  content  was 
raised,  and  for  leaner  mixtures  the  strength  would  tend  to  be 
raised  as  the  air  content  was  raised. 

The  hypothesis  is  therefore  proposed  that  the  most  desir¬ 
able  level  of  air  content  for  concrete  containing  less  than  about 
310  pounds  per  cubic  yard  of  portland  cement  is  the  maximum  that 
could  be  practically  attained  and  chat  the  most  desirable  level 
for  mixtures  of  higher  cement  content  is  the  minimum  that  could 
be  practically  attained.  The  test  results  suggest  that  it  may  not 
be  practical  to  entrain  more  than  about  9-12  percent  by  volume  of 
air  in  concrete  containing  large  aggregate  due  to  the  quantity  of 
air-entraining  admixture  required.  Since  many  concrete  mixtures 
of  higher  than  310  pounds  per  cubic  yard  cement  concent  will  be 
used  where  exposure  to  frost  will  occur,  the  minimum  practical 
air  content  for  these  will  be  Chat  which  is  required  Co  produce 
frost  resistance. 
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Fig.  1  -  Effects  of  changes  In  air  and  water  content  on 

properties  of  concrete  of  different  cement  content. 
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RELAXATION  IROCES3ES  IN  lERROMAONSnC  INSULATORS 


JOSEPH  NEMARICH 
HARRY  DIAMOND  LABORATORIES 
WASEINOTON,  D.  C. 


Ferromagnetic  insulators  such  as  ferrites  and  garnets  have 
had  vide  application  in  many  military  microwave  devices  (l).  In  most 
of  these  devices  the  dissipative  properties  of  these  materials  enter 
in  a  very  important  way.  ^ere  has  been  considerable  effort  made 
during  the  past  years  to  understand  the  details  of  the  magnetic  loss 
mechanism  in  ferromagnetic  Insulators.  In  particular  there  has  been 
much  discussion  concerning  the  role  of  residual  crystalline  imperfec¬ 
tions  in  the  relaxation  process.  This  latter  point  has  special  tech¬ 
nological  importance,  since  some  measure  of  the  role  of  crystalline 
imperfections  will  determine  to  what  extent  improvements  in  crystal 
growing  techniques  can  influence  device  performance. 

A  parameter  that  Indicates  the  combined  effect  of  various 
relaxation  processes  is  the  llnewldth  of  the  ferromagnetic  resonance 
absorption  observed  in  materials  of  simple  shapes,  such  as  a  sphere. 
Early  calculations  had  indicated  that  direct  coupling  to  the  lattice 
of  the  long  wavelength  excitations  Induced  in  a  magnetic  resonance 
experiment  was  too  weak  to  account  for  the  linewidths  observed.  !nie 
discovery  that  there  exists  a  large  number  of  spin  wave  states  having 
the  same  energy  or  frequency  as  (that  is,  degenerate  with)  the  uniform 
precession  of  magnetization  usually  excited  in  magnetic  resonance  end 
that  magnetic  Inhomogeneitles  can  couple  the  uniform  precession  to 
these  degenerate  states  led  to  the  belief  that  coupling  of  the  reso¬ 
nant  mode  to  these  degenerate  spin  wave  states  was  primarily  respons¬ 
ible  for  the  ferromagnetic  resonance  linewidths  observed.  Several 
years  ago,  however,  the  experiments  of  Fletcher,  LeCrav  and  Spencer 
(2)  with  the  ferromagnetic  insulator  yttrium  iron  garnet  (YIG)  and 
the  subsequent  calculations  of  Kasuya  and  Le  Craw  (3)  revised  the 
notions  of  the  magnetic  resonance  relaxation  process  in  hl^ly  pol¬ 
ished  samples  of  this  material.  In  figure  1  is  shown  a  schematic 
representation  of  magnetic  relaxation  in  YIG.  Hie  waveniunber 
k  =  2n/X,  where  \  is  the  wavelength  of  the  spin  wave.  Fletcher, 

LeCraw  and  Spencer  found  that  at  room  temperature  if  their  sanqple 


va«  not  hl£^ly  polished  the  primary  channel  of  relaxation  was  via 
coupling  to  degenerate  spin  waves,  tdiereaa  if  the  sample  was  highly 
polished  the  primary  relaxation  channel  was  via  other  processes. 
Kasuya  and  LeCrav  (3)  showed  that  with  a  reasonable  assumption  for 
the  degree  of  local  magnetostriction  they  could  account  for  the  rate 
of  relaxation  observed.  Ihe  local  magnet ostrictlve  effect  couples 
the  resonant  mode  directly  to  the  lattice  as  well  as  to  spin  waves. 
Subsequently  It  was  shown  (4)  that  at  4.2*K,  coupling  of  the  uniform 
precession  mode  to  degenerate  spin  waves  was  still  the  predominant 
relaxation  mechanism  even  In  the  hlfi^est  polished  pure  YIO  samples. 
The  Importance  of  paramagnetic  Impurities  to  the  relaxation  process 
(especially  at  temperatures  below  100*K)  has  been  demonstrated  (S) 
and  even  In  samples  prepared  from  the  highest  purity  material,  it 
appears  that  there  Is  a  residual  effect  at  low  temperatures  due  to 
these  Inpurltles.  Since  relaxation  rates  are  leurger  the  hi^er  the 
waveniunber  k  of  the  spin  wave  (6),  no  ''bottlenecks”  are  likely  to 
exist  sold  one  may  decosqxise  the  linewldth  of  an  observed  resonance 
into  a  part  AHpjTS  due  to  coupling  to  degenerate  spin  waves  by  resi¬ 
dual  surface  and  volume  pits,  a  part  AHjig  due  to  local  magnetostrlc- 
tlve  effects,  a  part  due  to  psurama^etlc  Impurities,  and  other 

terms  which  are  usually  negligible  conpeu:*ed  to  the  aforementioned 
contributions . 

Prior  to  the  above  meationed  works,  R.  L.  White  had  pointed 
out  that  by  measuring  the  llnewldths  of  other  magnetic  resonance 
modes  known  as  magnetostatic  modes  one  could  in  principle  determine 
the  relative  Importance  of  degenerate  spin  wave  coupling  to  the  mag¬ 
netic  resonance  relaxation  process  In  ferromagnetic  dielectrics  (7). 
In  figure  2  a  schematic  diagram  of  the  spin  wave  spectrum  is  shown 
together  with  region  of  magnetostatic  mode  excitations.  Ihe  eingular 
frequency  of  a  spin  wave  of  wavenumber  k,  is  seen  to  be  dependent 
on  0](,  the  suigle  the  wave  vector  k  makes  with  the  diz^ction  of  the 
static  magnetic  field.  If  a  resonance  with  k  0  is  excited  with 
angular  frequency  (Uq,  then  there  are  a  large  number  of  spin  waves 
having  the  same  frequency  (or  energy)  as  the  resonant  mode,  that  is, 
”degenerate"  with  this  mode.  It  is  seen  that  there  are  magneto¬ 
static  modes  with  k  w  0  that  have  varying  positions  with  respect  to 
the  spin  wave  manifold.  If  coupling  to  degenerate  spin  waves  consti¬ 
tutes  an  important  mechanism  in  magnetic  resonance  relaxation,  then 
the  density  p((u,  k)  of  these  degenerate  states,  should  strongly 
affect  the  llne^dth  of  the  resonant  mode.  In  particular  If  coupling 
Is  occurring  to  either  medium  or  hlg^  k-number  spin  waves,  it  may  be 
seen  from  figure  2  that  the  relative  llnewldths  of  the  magnetostatic 
modes  should  behave  quite  differently  on  passing  through  the  top  of 
the  spin  wave  manifold,  (Uip.  However,  when  the  magnetostatic  mode 
llnewldths  were  measured  In  a  YIO  sphere  (7),  the  variations  observed 
were  not  explainable  by  this  sl]iq>le  picture.  Since  these  measure¬ 
ments  were  performed  on  a  sample  with  a  uniform  precession  linewldth 
of  about  1.2  oersteds  and  hlgily  polished  sasqples  have  llnewldths  of 
0.5  oersteds  or  less.  It  was  felt  that  It  would  be  of  some  Interest 
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to  measure  the  magoetoetatlc  mode  llnevidths  In  a  hl^^y  polished 
saaqple.  In  particular,  It  appeared  that  a  measurement  at  room  tem¬ 
perature  and  4.2*K  In  the  same  sample  ml^t  indicate  how  the  strength 
of  the  coupling  to  degenerate  spin  waves  behaved  as  a  function  of 
tenqwrature . 

Ihe  magnetostatic  mode  llnewidths  were  therefore  measxured 
in  a  highly  polished  sample  of  single  crystal  YIQ  at  x-hand  with  the 
static  magnetic  field  along  the  [ill]  direction.  Measurement e  were 
made  at  both  SOO*K  and  4.2^.  In  order  to  make  these  measurements 
a  magnetic  resonance  spectrometer  of  a  peurtlcular  type  had  to  be 
built.  Certain  of  the  magnetostatic  stodes  have  weak  intensities  and 
measurement  of  their  llnewidths  required  very  sensitive  detection 
schemes.  Other  modes  are  vary  Intense  and  precautions  have  to  be 
taken  to  decouple  these  modes  sufficiently  to  measure  their  line- 
widths  accurately.  Since  the  llnewidths  in  the  samples  of  Interest 
are  relatively  narrow  (0.5  oersteds  or  leas  out  of  3000  oersteds) 
and  require  certain  precautions  in  their  measurement,  the  problem  is 
compounded  %dien  resonances  of  widely  varying  intensities  are  to  be 
measured  with  hl£^  accuracy.  A  schematic  diagram  of  the  spectrometer 
used  for  the  measurements  is  shown  in  figure  5.  The  YIO  sphere  vas 
placed  in  a  rectangular  cavity  that  was  resonant  in  the  TX^oa  ih^<ie. 
Since  the  individual  magnetot  tatlc  modes  are  preferentially  excited 
by  r.f.  magnetic  fields  of  particular  symmetry  and  angle  with  respect 
to  the  static  magnetic  field,  the  angle  the  static  field  made  with 
the  r.f.  field  as  well  as  the  position  of  the  sample  in  the  cavity 
vas  made  udjustable.  In  this  way  weak  resonances  could  be  optimized 
and  resonances  that  were  too  strong  could  be  dlndnlshed.  The  sample 
vas  allowed  to  rotate  freely  within  the  holder  to  permit  the  easy 
magnetic  axis  (the  [111]  direction  for  XIO)  to  align  Itself  with  the 
static  magnetic  field.  The  weak  resonances  were  measured  by  using 
techniques  commonly  en^loyed  in  paramagnetic  resonance  Investigations 
(9).  Magnetic  field  modulation  and  superheterodyne  detection  of  the 
resonance  signal  was  employed.  The  klystron  was  stabilized  on  the 
sample  cavity.  The  superheterodyne  detection  at  30  Me  vas  followed 
by  synchronous  detection  of  the  36  cycles  per  second  signal.  IDie 
derivative  of  the  resonance  was  then  displayed  on  the  Y-axis  of  an 
X-Y  recorder.  The  X-axis  was  driven  in  proportion  tc  the  swept  mag¬ 
netic  field. 

For  the  stronger  resonances,  the  superheterodyne  detection 
system  vas  deactivated  euid  a  self-contained  stabilized  klystron  vas 
used  as  the  signal  source.  The  llnevidths  were  measured  by  means  of 
the  precision  atteniiator  and  the  galvanometer  detector.  The  reso¬ 
nance  llnevidth  is  the  difference  in  the  values  of  static  magnetic 
field  between  the  points  where  the  effective  imaginary  susceptibility 
is  one-half  of  its  value  at  resonance.  The  two  methods  of  measuring 
llnevidths  were  checked  by  measuring  several  modes  with  both  methods. 

The  results  of  the  measurements  on  a  hlf^ly  polished  YIO 
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sphere  (0.056  In.  dlaiseter)  at  300*K  are  shown  In  figure  4.  For 
comparison  the  data  of  R.  L.  White  (7)  are  also  shown.  The  nuinbers 
at  the  top  of  the  figures  are  the  magnetostatic  mode  indices  accord¬ 
ing  to  Walker  (8).  Ihe  dashed  line  marked  6  *  tt/2,  k  «  0  indicates 
the  extrapolated  top  of  the  spin  wave  manifold  and  modes  lying  to 
the  right  of  this  line  are  within  the  spin  wave  manifold.  is  the 
Internal  static  magnetic  field  for  resonance  for  the  indicated  modes 
and  M  is  the  saturation  magnetization  of  the  sample.  Since  our 
measurements  were  at  9.3  kMc  and  White's  measurements  were  at  9.7 
kMc,  and  since  the  parameter  Og  «  Hj^/4TTM  for  a  particular  mode  is 
somewhat  dependent  on  frequency,  we  have  plotted  the  modes  on  an 
arbitrary  fig  scale  in  order  to  maintain  the  correspondence  between 
the  various  modes.  It  is  noted  that  the  llnewldth  of  the  uniform 
precession  mode  (the  110  mode)  in  this  work  is  about  l/3  that  of 
White's  and  there  is  considerably  less  variation  in  the  mode  line- 
widths  in  the  narrower  llnewldth  saaq>le.  However,  there  is  still  a 
residual  variation  of  mode  llnewldths  and  the  question  now  is  whether 
one  can  conclude  anything  about  the  extent  of  the  contribution  of 
degenerate  spin  wave  coupling  to  the  llnewldths  from  this  variation. 
Since  YIO  has  no  disorder  in  magnetic  sites,  the  primary  source  of 
degenerate  spin  wave  interactions  to  be  considered  is  scattering 
from  volume  and  surface  pits.  In  view  of  the  fact  that  the  exact 
nature  of  the  sample  surface  was  not  known,  we  have  used  the  pit 
scattering  theory  of  Sparks,  Loudon,  and  Klttel  (lO).  These  authors 
compute  the  ferromagnetic  resonance  llnewldth  due  to  a  spherical 
diamagnetic  inclusion  in  a  magnetic  media.  The  effect  of  surface 
roug^ess  is  approximated  by  assxxming  the  surface  is  composed  of 
hemispherical  pits  and  that  the  scattering  from  each  of  the  pits  is 
additive.  The  llnewldth  calculated  by  these  authors  for  a  sphere  of 
radius  covered  with  hemispherical  pits  of  radius  R  is  given  by 
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H  is  an  effective  exchange  field  (ll) 
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If  R  is  greater  than  5  x  10  cm  and  n/2  <  Qj,  <  0,  equation  (l)  is 
well  approximated  by 
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Since  hl^ly  polished  YIG  spheres  are  prepared  with  an  abrasive  with 
a  maximum  size  of  about  0.30  x  10"^  cm,  it  is  expected  that  the  resi¬ 
dual  surface  imperfections  would  have  radii  somewhat  less  than  0.15 
X  10“*  cm.  Equation  (l)  was  therefore  recast  into  a  form  suitable 
for  numerical  evaluation  for  all  values  of  the  pit  radius  (13)  and 
the  results  are  shown  in  figure  5.  It  is  seen  that  as  the  surface 
pit  radius  Increases,  the  linewldth  peak  on  the  low  field  side 
Increases  rapidly  and  moves  over  to  the  extrapolated  top  of  the  spin 
wave  manifold  (9  ■  tt/2,  k  »  O).  For  larger  pit  radii  the  height  of 
the  peak  Increases  roughly  as  the  square  of  the  pit  radius  and  the 
low  field  side  of  the  peak  drops  sharply  at  the  top  of  the  spin  wave 
manifold.  The  other  peak  at  the  hi^  field  side  also  continues  to 
increase  with  pit  radius  and  moves  over  to  hl^er  fields  until  it 
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When  eonelderlng  coi;vIlng  of  negnetoetatlc  nodes  to  degen¬ 
erate  spin  waves  by  surface  Inperfeetlonsi  It  has  been  pointed  out  by 
Jones  (2.4)  that  ona  nust  consider  the  fact  that  the  anplltude  of  the 
precession  angle  for  a  nagnetostatlc  node  la  generally  larger  at  the 
surface  of  a  sphere  than  It  Is  Interior  to  the  sphere  and  the  amount 
that  It  Is  lairger  will  vary  from  mode  to  mode.  It  vovad  then  be 
expected  that  the  contribution  of  degenerate  spin  wave  coupling  from 
surface  Interactions  would  In  general  vary  from  mode  to  mode.  For 
an  approximate  theory  such  as  that  of  Si>arks^  Loudon^  and  Klttel 
where  the  contribution  of  the  surface  Interaction  Is  Independent  of 
the  angle  the  static  field  makes  with  the  surface,  this  effect  mani¬ 
fests  Itself  In  the  form  of  a  factor.  We  have  called  this  factor 

F  and  It  is  easily  shown  to  be, 
nmr 


F, 


nmr 


volume 


(2) 


where  ia  the  transverse  component  of  magnetization  for  the  mode 
^th  Indices  nmr,*^  Surface  Indicates  the  siirface  average,  and 
^  ^volume  indicates  the  volume  average.  The  values  of  Fnmr 
most  of  the  low  order  modes  have  been  computed  using  the  published 
values  (15)  of  lOj^  end  for  the  various  modes.  In  most  cases 
^nmr  •  v2n  -f  l)/3  and  is  therefore  independent  of  the  field  and  fre¬ 
quency  at  which  the  mode  Is  resonant.  Table  I  gives  the  values  of 
Fninr  computed  for  the  modes  on  which  Ilnewldths  measiirements  were 
made  when  Cl  >  1.874.  The  results  are  similar  when  Cl  *  1.352.  We  have 
assumed  that  the  observed  magnetostatic  mode  Ilnewldths  can  be 
expressed  by  the  c;uffl  of  a  constant  contribution  plus  a  part  ^Ich 
depends  on  the  mode  Indices  and  the  position  of  the  mode  with  respect 
to  the  spin  wave  manifold  (in  this  case,  the  Sparks,  Loudon,  and 
Klttel  result).  That  is, 

“  -  “o  *  ’'.mr  “s-l-K  <-’> 

A  best  fit  to  the  data  obtained  was  made  by  varying  R,  the  assumed 
effective  surface  pit  radius  and  the  constant  contribution. 

The  value  of  R  chosen  for  the  best  fit  at  both  temperatures  was 
R  •  0.10  X  10"^  cm.  Since  the  abrasive  has  an  irregular  shape  with 
maximum  size  of  about  0.30  x  10~^  cm  and  is  probably  broken  down 
somewhat  during  the  polishing  process,  the  effective  surface  pit 
radius  chosen  for  the  best  fit  appears  to  be  quite  reasonable. 

^e  results  of  this  best  fit  to  the  data  obtained  at  300*K 
is  shown  In  figure  6.  It  Is  seen  that  the  constant  contribution  has 
been  chosen  as  0.350  oersteds.  Tbe  uniform  precession  llnewldth 
(the  110  mode)  therefore  appears  to  have  a  contribution  of  about 
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I  ■  Ooaputed  values  of  Fniyj  the  factor  expreaalog  the  degree 
o:^  relative  concentration  of  transverse  auignetl sntlon  at  the  surface 
of  a  sphere  for  the  nagnetostatic  nodes  vlth  indices  nnr.  The  Fnir’s 
are  Independent  of  r  excepting  for  the  eases  fodtnoted  and  these  vere 
computed  for  n  ■  1.874  and  the  indicates  values  of  r.  N.  C.  indi¬ 
cates  these  Fnmr  vere  not  computed  since  aeasureaents  vere  not  nade 
on  the  corresponding  modes. 
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0.05  oersteds  (or  12.5^  of  the  total  llnevldth)  from  degenerate  spin 
vave  coupling.  Ihls  is  consistent  with  the  findings  of  Fletcher, 
LeCrav  and  Spencer  (2)  vho  found  a  llnevldth  contribution  in  their 
sample  of  11.7^  due  to  degenerate  spin  vave  coupllxig. 

In  figure  7  are  shovn  the  res\ilts  obtained  at  4.2*K.  In 
this  case  the  constant  linesidth  contribution  is  taken  to  be  0.200 
oersteds.  It  is  seen  that  here  the  uniform  precession  mode  hr\8  a 
contribution  of  rou^ly  0.09  oersteds  out  of  0.29  oersteds  (or  31)() 
due  to  degenerate  spin  vave  coupling.  However,  Spencer  and  LeCrav 
(4)  have  found  that  In  their  sample  at  4.2*K  roughly  56^  of  the  total 
llnevldth  vas  due  to  degenerate  spin  vave  coupling.  Ihe  reason  for 
this  difference  In  contribution  of  degenerate  spin  vave  coupling  Is 
probably  attributable  to  a  difference  in  amount  of  rare  earth  Impur¬ 
ities  In  the  two  sanqples.  Ovir  8ang>le  vas  prepared  with  ^2^5  with 
rare  earth  Impurities  of  1  part  in  a  million  or  less,  Pereas  the 
sample  of  reference  4  had  Impurity  level  of  1  part  in  10  million  or 
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Ttim  total  unlfora  preeotalon  linovldth  at  4.2*K  in  o\ur  aaople 
was  0.89  oarsteda  wharaas  In  Spaneer  and  LaCrav'a  (4)  aaopla  it  vaa 
about  0.18  oaratada.  Sinca  rare  earth  inpurltlaa  are  known  to 
inereaae  the  Ilnevldth  conaldarably  for  tenperaturea  in  the  ranfe  of 
about  20*K  to  100*K«  aa  an  additional  oheck  va  oeasured  our  aeinple 
linavldth  in  thia  taaperatura  range.  Wa  found  that  our  linavldth 
at  77 *K  vaa  0.60  oaratada  compared  to  0.31  oaratada  in  a  aaapla  mada 
from  tha  higbaat  purity  of  Y2OS  (16).  Hanca,  va  coneluda  that  the 
additional  0.10  oaratada  wa  obaarved  in  tha  total  uniform  pracaaaion 
linawidth  at  4*2*K  ia  probably  due  to  rara  aarth  impurity  broadening. 
Our  4.2*X  meaauremanta  are  than  conaiatant  with  tha  flndlnga  of 
Spancar  and  LaCraw  (4). 

Va  may  tharefora  coneluda  that  axamlnatlon  of  the  relative 
linewidths  of  tha  magnatoatatlc  modes  allows  one  to  infer  tha  degree 
to  ^Ich  degenerate  spin  wave  coupling  Is  contributing  to  the  total 
linawidth  of  any  mode.  Iha  results  obtained  are  entirely  consistent 
with  tha  previous  results  obtained  by  tha  modulation  exparimants  on 
the  uniform  pracasslon  mode  (2>4).  It  therefore  appears  that  efforts 
directed  toward  improvements  of  polishing  techniques  for  spheres  or 
toward  reduction  of  microcrystalline  volmne  imperfections  in  yttrium 
iron  garnet  will  probably  not  result  in  any  substantial  reduction  of 
tha  uniform  precession  linawidth  in  this  material  at  x-band  frequen¬ 
cies  and  room  temperatures  since  the  results  of  this  experiment  show 
that  surface  and  volume  imperfections  do  not  play  an  Important  role 
in  the  determination  of  the  uniform  precession  linawidth. 

The  author  gratefully  acknowledges  helpful  conversations 
with  Dr.  0.  R.  Jones ,  electronic  computation  machine  programing  by 
Mr.  A.  Hausner  and  Mr.  0.  Cruzan,  and  the  assistance  of  the  support¬ 
ing  staff  and  administration  of  the  Harry  Diamond  Laboratories. 
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RELAXATION  PROCESSES  IN  YIO 


CLpiCg^,  A  Mh«tMtle  rtprcMMAtlon  of  tht.  mt^tie  rtaonuno* 
mutation  prootaa  In  yttrium  iron  |am*t  (YIO). 


A  achematic  raprvsontotlon  of  the  spin  wave  apectrum 
and  denaity  of  apin  wave  atatea  at  two  repreaentatlve  valuea  of 
wavenunber  k. 
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A  MORPHOLOGIC  STUDY  OF  THE 
PATHOGENESIS  OF  EXPERIMENTAL 
CHOLERA  IN  THE  INFANT  RABBIT 


H.  THOMAS  NORRIS,  CAPT.,  MC,  RICHARD  A.  FINKELSTEIN,  Ph.D. 
and  HELMUTH  SPRINZ,  COL.,  MC 
Walter  Reed  Army  Institute  of  Research 
Washington,  D.C. 


The  current  spread  of  cholera  through  Southeast  and  East 
Asia  with  the  resulting  18,400  deaths  In  1963  alone  (1)  has  re¬ 
emphasized  the  need  for  basic  research  on  this  disease  as  well  as  on 
all  Intestinal  diseases  affecting  the  combat  effectiveness  of  our 
troops.  The  causative  organism  of  cholera,  the  Kommabaclllus,  was 
discovered  by  Koch  in  1884  (2).  As  early  as  1894  Metchnikoff  (3)  was 
able  to  reproduce  this  enteric  infection  in  Infant  rabbits  by  peroral 
inoculation.  This  experimental  model,  however,  fell  Into  disuse  and 
it  was  not  until  very  recently  that  Dutta  modified  it  in  an  attempt 
to  isolate  the  toxic  portion  of  the  vibrio  responsible  for  the  patho¬ 
genic  action.  The  10-day-old  suckling  rabbit  is  unique  in  that 
diarrhea  and  dehydration,  similar  to  the  human  disease,  follow  Intra- 
Intestlnal  Inoculation  of  cholera  vibrios.  However,  by  the  16th  day 
of  life  the  rabbit  is  markedly  less  susceptible  to  the  infection. 

It  is  the  purpose  of  this  paper  to  report  the  morphologic 
response  of  the  gastrointestinal  tract  of  the  10-day-old  rabbit  to 
intact  and  to  ultrasonlcally  disrupted  cholera  vibrios,  to  broth  in 
which  cholera  vibrios  have  been  grown  for  18-24  hours  and  to  cholera 
endotoxin. 


MATERIALS  AND  METHODS 

Intestinal  infection  with  viable  cholera  vibrios  was  pro¬ 
duced  by  introducing  10^-10^  living  vibrios  into  ;he  first  loop  of 
small  bowel  visualized  at  laparotomy  using  ether  anesthesia  on 
healthy  8-12-day-old  rabbits.  Control  animals  received  sterile  0.1% 
peptone  in  physiological  saline.  Although  a  nuc^ojr  of  strains  were 
tested,  the  majority  of  the  work  was  done  with  V.  cholerae  strain 
569B,  Inaba  serotype. 

In  contrast  to  the  living  vibrio  experiments  where  laparoto¬ 
my  was  necessary,  the  ultrasonlcally  disrupted  cholera  vibrios,  the 
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broth  flltrataa  and  tha  cholera  endotoxin  were  all  administered  by 
polyethylene  catheter  Into  the  stomach. 

The  complete  procedure  for  the  preparation  of  the  suckling 
rabbits  and  the  oral  solution  has  been  reported  elsewhere  (4). 
Briefly,  healthy  8-12-day-old  rabbits  were  separated  from  their 
mothers  and  given  gastric  lavage  with  multiple  doses  of  tepid  water 
until  the  returning  solutions  were  free  of  milk  and  solid.  The  oral 
test  materials  were  administered  per  os  via  a  polyethylene  catheter 
into  the  stomach. 

In  preparing  the  "sonicate”,  cholera  vibrios  were  disrupted 
ultrasonlcally  and  centrifuged.  The  supernate  was  passed  through 
mllllpora  filters  and  the  sterile  fluid  "sonicate"  was  administered 
per  os  In  four  doses  of  1  ml/ 100  grams  of  body  weight  at  1  1/2- hour 
Intervals.  Control  animals  were  given  phyalologlc  saline  In  similar 
doses.  Brain  heart  infusion  broth  (BHIB)  flltrataa  were  prepared 
from  aerated  18- 24- hour  cultures  of  cholera  vlbrloa  grown  In  that 
medium.  The  broth  cultures  were  then  centrifuged  and  the  supernatant 
passed  through  a  mllllpora  filter.  The  resultant  sterile  filtrate 
was  given  in  one  dose  of  1  cc/100  grams  of  body  weight.  Because  of 
Its  high  potency  only  one  dose  was  necessary.  Control  animals  re¬ 
ceived  a  similar  dose  of  sterile  BHZ  broth.  Another  cholerlgenoua 
culture  filtrate,  "syncase"  was  prepared  from  V.  cholerae  cultures 
In  a  defined  medium  supplemented  with  ca a- amino  acid.  Cholera  endo¬ 
toxin  was  produced  by  the  method  of  Ubl  (5)  and  was  administered  In 
a  dose  of  2  mg/ 100  grams.  This  dose  was  repeated  four  more  times  at 
Intervals  of  1  1/2  hours. 

Animals  were  sacrificed  by  occipital  cerebral  concussion 
and  studied  sequentially  before  and  after  the  appearance  of  diarrhea. 
At  sacrifice,  tissues  were  imnediately  placed  In  chilled  neutral 
buffered  formalin  and  refrigerated  for  8-12  hours.  The  tissues  were 
then  allowed  to  equilibrate  with  room  temperature.  Tissue  was  pro¬ 
cessed  In  a  routine  manner  and  stained  with  hesiatoxylin  and  eosln 
and  alclan  blue-PA8.  In  addition  to  the  usual  tissues  taken  for 
autopsy  the  following  sections  of  small  and  large  bowel  were  studied 
In  every  specimen;  duodenum,  ImoMdlately  distal  to  the  pyloric 
Junction;  jejunum,  10  cm  from  the  pylorua;  Ileum  Immediately  proximal 
to  the  lleo-cecal  valve;  cecum,  the  first  several  cm  toward  the 
appendix  from  the  lleo-cecal  valve;  right  colon,  3  cm  distal  to  the 
Ileal-cecal  valve;  left  colon  2  cm  above  the  anua.  Belected  tissues 
were  also  taken  for  histochemistry.  An  occasional  Infant  rabbit 
developed  a  non-bacterlal  diarrhea  and  waa  excluded  from  this  study. 
The  principles  of  laboratory  animal  care  aa  promulgated  by  the 
National  Boclety  for  Medical  Kesearch  were  obaerved. 
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USHLXI 

IFTKAimSTim  aiflCTIOW  VIABM  CM-MA  wmofl 

Thaaa  aninals  rapidly  ragainad  eonaclouanaaa  aftar  aurgary, 
as  did  tha  controls  which  racalvad  starlla  paptona-sallna  broth;  and 
ware  active  until  approximately  18-24  houra  aftar  Inoculation  at 
which  time  the  onaet  of  copious  diarrhea  of  clear  to  yellow  fluid 
was  noted.  The  animals  then  gradually  became  clamaiy  and  moribund  and 
died  by  the  36-48th  hour  with  aavara  dehydration.  Control  animals 
survived  and  demonstrated  no  symptoms. 

Grossly  (Fig.  1)  at  the  time  of  onset  of  diarrhea  the  small 
bowel  demonstrated  dilation  of  fluid-filled  loops.  The  cecum  and 
right  colon  were  massively  dilated  with  similar  fluid  which  raaembled 
rice  water  stool.  There  was  also  marked  engorgement  of  the  Intesti¬ 
nal  vessels.  Tha  Intestine  remained  maximally  dilated  with  fluid 
from  the  time  of  onset  of  diarrhea  until  death, 

Mlcroacoplcally  (Fig.  2),  the  smell  bowel  of  these  animals 
demonstrated  very  severe  hyperemia  of  all  the  villous  and  submucosal 
capillaries  and  accumulation  of  eosinophils  In  the  lamina  propria. 

The  mucosa,  however,  was  intact.  The  crypt  epithelium  demonstrated 
Increased  cytoplasmic  basophilia  and  decrease  In  height.  After  the 
diarrhea  had  been  present  for  several  hours  (Fig.  4)  there  was  e 
disappearance  of  the  eosinophils  in  the  lamina  propria,  persistence 
of  the  severe  congestion  and  In  addition  eccusniletlon  of  protein¬ 
aceous  edema  fluid  In  the  lamina  propria.  This  latter  picture  per¬ 
sisted  until  death. 

The  large  bowel,  on  the  other  hand,  demonstrated  only 
minimal  congestion  and  mucus  discharge  during  the  name  time  period. 
The  remaining  organs  revealed  no  abnormality  on  gross  or  microscopic 
examination.  The  control  animals  demonstrated  no  abnormalltlea 
(Fig.  3). 

nLTe^soiincAp.Y  PTSBJPIgD  OMAIIISMS 

These  animals  received  4  to  5  doses  of  ''sonicate"  per  os 
via  polyethylene  catheter  Into  the  stomach  at  Intervals  of  I  1/2 
hours. 


The  animals  were  asymptomatic  until  shortly  before  or 
after  the  last  dose  (6  hours  after  their  Initial  dose)  at  which 
time  a  rather  explosive  movement  of  solid  Bx>lst  feces  was  noted. 
This  was  followed  by  copious  and  continuous  diarrhea  of  deer  to 
yellow-tinged  fluid.  Following  the  onaet  of  diarrhea,  the  animals 
became  clammy  and  moribund  and  died  within  6-12  hours  from  dehydra¬ 
tion. 
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Oroaaly  (Fig.  1)  at  tha  tlaa  of  onaat  of  diarrhaa  t:ha  amall 
and  larga  boiral  damonatratad  a  pieCura  Indlatlngulahabla  from  tha 
anlaala  racal/lng  tha  vlabla  vlbrloa. 

Mlcroaeoplcally  (Fig.  5)  at  tha  onaat  of  diarrhaa  thara  waa 
axtraoia  hyparaala  of  tha  vllloua  and  aubnucoaal  vaaaalt.  No  aoalno- 
phila  vera  praaent  and  tha  nuooaa  vaa  again  Intact.  Xncraaaad  cyto* 
plaamle  baaophllla  and  dacraaaa  In  halght  waa  praaant  In  tha  crypt 
aplthallal  calla.  Aftar  diarrhaa  had  baan  praaant  for  aavaral  houra 
(Fig.  6),  protalnacaoua  fluid  again  accuaulatad  In  tha  lamina  propria 
and  congaatlon  paralatad.  Tha  larga  bowal  damonatratad  only  alight 
congaatlon  and  mucua  dlacharga.  Again,  all  tha  ramaining  organa 
vara  groaaly  and  mlcroaeoplcally  unaltered. 

Tlaauaa  from  aavaral  anlmala  receiving  aonlcata  vara  taken 
In  the  uaual  manner  for  hlatochamlcal  examination  (6)  and  aurveyed 
for  acid  and  alkaline  phoaphataaaa,  monoamine  oxldaaa,  and  DFNH  die- 
phoraaa. 


No  dlffaraneaa  vara  dlaearnlble  in  the  amounta  of  alkaline 
phoaphataaa  and  monoamine  oxldaaa  between  the  gastrolnteatlnal  tracta 
of  experimental  anlmala  and  thoaa  of  their  eontrola.  Minimal  changea 
were  noted  In  tha  amounta  of  DFNH  dlaphoraaa  and  acid  phoaphataae; 
the  amount  of  DFNH  dlaphoraaa  In  the  epithelial  cella  waa  decreaaed 
and  tha  content  of  acid  phoaphataaa  vaa  Increaaed,  In  comparlaon  to 
their  eontrola. 

BIOIH  FILTIATBS 

Thaae  anlmala  received  only  one  done  of  BHZB  filtrate  or 
ayncaae  and  approximately  4  houra  later  developed  diarrhaa  and  other 
algna  like  those  of  the  preceding  two  groupa.  The  animals  succumbed 
with  dehydration  within  6-12  houra  after  the  onset  of  diarrhea. 

Grossly  (Fig.  1)  the  Identical  picture  occurred  as  with 
the  two  preceding  groups.  Microscopically  at  the  onset  of  diarrhea 
(Fig.  7)  there  was  again  severe  congestion  of  the  villous  and  sub¬ 
mucosal  capillaries  of  the  small  bowel,  a  moderate  Infiltrate  of 
eosinophils  and  an  intact  mucosa.  As  the  diarrhea  continued, 

(Fig.  8)  there  was  a  loss  of  the  eosinophilic  Infiltrate,  accumula¬ 
tion  of  edema  fluid  in  the  lamina  propria  and  persistence  of  the 
congestion.  The  large  bowel  demonstrated  only  congestion  and  slight 
mucus  discharge.  The  control  animals  which  received  equivalent 
sterile  media  demonstrated  none  of  the  above  changes. 

BwaorratiH 

These  anlisals  received  five  doses  of  endotoxin  prepared 
from  cholera  vlbrloa  by  the  method  of  Ribi  (5).  This  dose  was 
comparable  in  toxicity  for  chick  embryos  to  the  dose  of  sonicate 
used  (7).  None  of  these  animals  demonstrated  diarrhea,  although  an 
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occasional  aoiaal  auccuabad.  Thoaa  that  dlad,  howavar,  danonatratad 
a  pictura  dlsalnilar  to  tha  abova.  Ihara  was  groasly  no  accuanilatlon 
of  fluid  (Fig,  1).  Mlcroacopleally  there  was  no  aaall  bowel  abnor^^ 
nallty  except  for  a  slight  anount  of  villous  congaation.  Howavar, 
in  tha  cecum  (fig.  9)  there  was  epithelial  disarrayi  accumulation 
of  debris  in  the  cecal  crypts  and  a  spotty  mixed  cellular  infiltrate 
in  tha  lamina  propria. 

The  descending  colon  demonstrated  marked  mucus  discharge. 

Tha  other  organs  revealed  no  abnormality. 

OI8CU88IOH 

This  experimental  model  duplicates  several  aspacta  of 
human  cholera  gravis;  in  particular,  the  route  of  inoculation,  the 
sign  of  massive  diarrhea,  and  the  resulting  rapidly  downhill  course 
with  death  from  dehydration. 

The  striking  similarity  in  the  physiologic  and  morphologic 
response  of  the  suckling  rabbit  to  tha  viable  vibrio  infection,  to 
the  administration  of  ultrasonically  disrupted  cholera  vibrios  and 
to  sterile  broth  filtrates  in  which  cholera  vibrios  had  bean  grown, 
indicates  that  the  same  cholsrlganoua  moiety  must  be  present  In 
these  inocula. 

The  diarrhea  producad  by  all  three  challenges  Is  quite 
specific  and  different  from  the  occasional  case  of  sporadic  non* 
bacterial  diarrhea  seen  in  suckling  rabbits.  Zn  this  non*bacterial 
diarrhea  there  is  no  massive  accumulation  of  fluid  In  the  small  or 
large  bowel,  and  microscopically  vascular  congestion  is  not  marked. 
There  is,  however,  a  slight  to  moderate  round  cell  infiltrate  in 
the  lamina  propria  of  the  small  bowel. 

The  peroral  dose  of  endotoxin  given  to  the  suckling  rabbits 
was  approximately  equal  in  toxicity  to  the  dose  of  sonicate  as 
measured  by  chick  embryo  assay  (7).  8ince  endotoxin  failed  to  cause 
diarrhea,  it  is  apparent  that  this  agent  by  itself,  is  incapable  of 
reproducing  the  symptomatology  of  cholera  gravis. 

It  is  of  the  greatest  importance  that  epithelial  denudation 
previously  considered  by  some  to  be  pathognomonic  of  cholera  was 
entirely  absent  in  these  experiments  and  the  other  experimental 
models  studied  in  this  laboratory  (8*12).  Zt  has  been  our  experi* 
ence  that  epithelial  denudation  is  not  a  part  of  either  human 
cholera  or  cholera  in  experimental  animals  and  is  merely  a  manifests* 
tion  of  late  or  improper  fixation.  The  fact  that  the  cholerlgenous 
moiety  has  to  pass  through  an  Intact  epithelial  lining  presents  no 
conceptual  difficulties  as  even  the  absorption  of  whole  protein 
molecules  has  now  been  conceded  by  Intestinal  physiologists  and  is  a 
clinical  fact  in  intestinal  allergies  and  in  botulism  (13). 
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Zn  addition,  wo  too  froa  thlo  norpheloglc  study  that  tho 
eholorlgonoua  noloty  of  tha  eholora  vibrio  alao  haa  a  dlroi:t  offoet 
on  tho  atrueturoa  of  tho  lanlna  propria,  whoro  thoro  la  ovldonco  of 
vonoua  otaala  with  narkod  hyporoala.  This  altoratlon  proauaably  la 
aaaoclatod  with  Ineroaaod  vonoua  proaauro  and  occura  concomitantly 
with  tho  appoaranco  and  accumulation  of  Incroaalng  quantltloa  of 
Intraluminal  fluid.  Tho  iovoro  vaacular  rotponao  could  play  an 
Important  rolo  In  tho  provontlon  of  absorption  of  wator  and  other 
material  from  tho  gut  lumen. 

Mo  significant  changoo  In  tho  oplthollal  lining  of  tho 
small  bowel  wore  aacortalnablo  ualng  routine  histologic  methods,  in 
particular,  no  necrosis  of  oplthollal  colls  was  soon.  Hlatoehomlcal 
techniques  disclosed  minor  changes  In  tho  amounts  of  acid  phosphatase 
and  OPMR  dlaphoraao  In  tho  mucosal  oplthollal  cello  of  tho  small 
bowel.  Changes  similar  to  those  have  boon  reported  olaowharo  and 
appear  to  bo  tho  response  of  tho  small  bowel  of  young  or  Incompletely 
developed  animals  to  a  non-specific  stress  (14). 

Our  findings  force  us  to  discard  the  time-honored  hypothesis 
that  rice  water  stool  pours  forth  from  a  denuded  mucosal  surface. 

What  then  la  the  pathogeneals  of  the  copious  dlarrheaT  Vo  postulate 
that  the  eholorlgonoua  moiety  must  have  several  actions,  Zt  must 
affect  active  transport  In  the  mucosal  epithelial  cells  as  well  as 
causing  severe  hyperemia  and  change  In  the  capillary  permeability  of 
the  vasculature  of  the  lamina  propria.  Other  Important  factors  are 
the  marked  Increase  in  gastrointestinal  motility  and  the  decrease  in 
transit  time  with  the  concomitant  propulsive  diarrhea. 

A  theory  relating  the  diarrhea  of  cholera  to  inhibition  of 
the  sodium  pump  has  recently  been  advanced  (15,16).  This  theory 
states  that  the  Inability  to  transfer  sodium  from  the  intestinal 
lumen  Into  the  mucoeal  cells  is  accompanied  by  a  concomitant  In¬ 
ability  to  transfer  water  from  the  gut  lumen  Into  the  intestinal 
cella.  Xegardless  of  which  theory  of  cellular  transport  of  water 
and  electrolytes  Is  finally  proven  the  following  considerations  apply 
to  cholera.  A  severe  disturbance  of  the  normal  electrolyte  gradient 
la,  at  least  initially,  compatible  with  a  structural  integrity  of 
the  intestinal  mucosal  cell.  Death  from  systemic  effects  or  re¬ 
covery  occurs  In  cholera  prior  to  the  appearance  of  any  Irreversible 
changes  In  these  cells. 

Zn  addition,  and  In  extension  of<  the  sodium  pump  theory  of 
pathogenesis  of  cholera,  we  bv'.leve  that  severe  hyperemia  and  altered 
permeability  of  the  lamina  propria  vasculature  are  also  playing  a 
role  In  the  prevention  of  absorption.  Zn  this  experimental  model  as 
well  as  the  human  patient,  it  has  been  shown  that  the  gastrointes¬ 
tinal  transit  time  Is  markedly  reduced  (4,17,18).  This  fact  alone 
would  greatly  diminish  the  possibility  of  absorption  or  reabsorption 
of  the  Intestinal  contents.  The  ability  to  absorb  radio-sodium  Is 
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•lio  graatly  dacraaaad  (4,19).  Thia  It  probably  dua  to  a  coabinatlon 
of  dacraaaad  tranait  tloM  and  a  dlraet  affact  of  tha  cholariganoua 
toxlna  on  tha  nuooaal  aplthalial  call  and  Ita  aupportlng  lanina 
propria. 


Wa,  tharafora,  concluda  that  callular,  vaacular  and  naural 
factora  all  play  a  rola  in  tha  pathoganaaia  of  axparinantal  aa  wall 
aa  human  cholara. 


8UIM4KY 

Tha  morphologic  raaponaa  of  tha  gaatrointaatinal  tract  of 
the  Buckling  rabbit  to  viabla  cholara  vibrioa,  ultraaonically  dia* 
ruptad  cholara  vibriea,  and  to  atarila  filtratea  of  broth  in  which 
cholara  vibrioa  hava  baan  grown  raaamblaa  tha  acuta  phaaa  of  cholara 
in  other  axparimantal  modala  and  tha  human  diaaaaa.  All  ahara  the 
aama  baaic  pathologic  picture,  i.a.,  aavara  vaacular  hyparamia  early 
in  tha  infection  and  aa  tha  animala  bacoma  moribund  tha  accumulation 
of  protainacaoua  edema  fluid  in  tha  intaraticaa  of  tha  lamina  propria. 
Throughout  the  diaaaaa  tha  Intaatinal  epithelium  remaina  intact.  It 
ia  through  thia  Intact  apithalium  that  tha  cholariganoua  moiety  of 
tha  inocula  acta  cauaing  copioua  diarrhea  of  fluid  raaambling  rice 
water,  accumulation  of  large  amounta  of  fluid  in  the  lumen  of  tha 
large  and  email  bowel  and  death  reaulting  from  the  aevere  dehydration 
Thia  cholariganoua  moiety  ia  abaent  in  cholara  endotoxin  (libi). 
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TABLE  op  PIGUKBS 

PIb.  1.  Gaatrointaatinal  tract.  Stomach  (upper  center  of  each 
specimen),  email  inteatina  (lower  left  of  each  apecimen)  and  large 
inteatine  (lower  right  of  each  apecimen).  The  large  inteatina  of 
the  apecimen  which  received  cholera  vibrioa,  cholera  "aonicata"  and 
broth  filtrate  all  damonatrate  marked  dilation  with  fluid  raaambling 
rice  water  atool  and  a  alight  amount  of  gaa.  In  addition,  the  amall 
inteatine  of  theae  apecimana  waa  focally  dilated.  In  contraat,  tha 
control  apecimen  and  the  cholera  endotoxin  specimen  demonatrate  no 
groaa  abnormality. 

Pie,  2.  Early  cholera  vibrio  infection.  The  small  bowel  shows 
moderate  to  marked  dilation  of  vllloua  and  aubmucoaal  capillaries 
and  a  alight  cellular  Infiltrate  in  the  lamina  propria.  The  mucosal 
layer  is  intact. 

Pig.  3.  Normal  small  bowel.  The  mucosal  epithelium  is  uniformly 
arranged.  The  villous  and  crypt  lamina  propria  la  compact,  delicate 
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•lid  ralatlvaly  acalluUr.  Rota  that  tha  vllloua  oapillary  oanaot 
ba  aaan  In  tha  nortMl  aaall  bowal. 

Fla.  4.  Lata  eholara  vibrio  infactlon.  Tha  aaall  bowal  vllloua 
now  doaonatrataa  aarkad  adaaa  and  paralatanoa  of  tha  vaaeular  eonaaa- 
tlott. 


Fla.  3.  Cholara  aonloata-aaMll  bewal.  Tha  eaplllarlaa  of  tha 
lanlna  propria  and  aubaueoaa  daaonatrata  aavara  congaatlon.  Tha 
■ucoaal  aplthalluai  la  Intact. 

lUi.^  Cholera  aonloata- aaall  bowel.  After  diarrhea  haa  bean 
praaent  for  aaveral  houra  there  la  aceuaulatlon  of  protelnaeeoua 
adeaa  fluid  In  thr  laalna  propria  and  peralatenea  of  the  congeatlon. 

liAi.  h  Broth  filtrate- aaall  bowel.  Rarly  reaponaa.  Tha 
vaaeulatura  of  tha  vllloua  and  crypt  lanlna  propria  la  aarkedly 
dilated  by  red  blood  cella.  A  few  polynorphonuclear  leukocytea  are 
alao  praaent. 

XUU-ft*  Broth  flltrate-aaall  bowel.  Lata  reaponaa.  Tha  lanlna 
propria  now  depMnatratea  noderate  adena.  The  vaaeular  congeatlon  la 
atlll  praaent  at  thla  atage. 

Fla.  9.  Cholera  endotoxin-colon.  Thera  la  dlaarray  of  the 
aplthallua,  aceuaulatlon  of  debrla  In  the  crypt  and  a  nononuelaar 
cellular  reaponaa  In  the  lanlna  propria. 

ZkiiSL*  Nox'mal  colon,  nie  coluanar  epithelium  la  In  orderly 
arrangenent.  The  lanlna  propria  la  thin,  delicate  and  acellular. 
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INFORMATION  ASSIMILATION  FROM  COMMAND  SYSTEI^  DISPLAYS 


SEYMOUR  RINGEL 

U.S.  ARMY  PERSONNEL  RESE/iRCH  OFFICE 
WASHINGTON,  D.C. 


Technological  advancements  have  led  to  increased  speed, 
mohility,  and  destructive  power  of  military  operations.  To  permit 
commanders  to  make  tactical  decisions  consistent  with  rapid  and 
serious  chenges  of  events,  it  is  essential  that  information  on 
military  operations  be  processed  and  used  more  effectively  than  ever 
before.  To  meet  this  need,  the  Army  is  developing  automated  systems 
for  receipt,  processing,  storage,  retrieval,  and  display  of  different 
types  and  vast  amounts  of  military  data.  Witness  the  command  control 
information  system,  conceived  as  a  network  of  cross-linked  highly 
automated,  con^juterized  systems,  each  dealing  with  specialized 
functions,  and  all  feeding  information  to  ein  automated  tactical 
operations  center  (TOC). 


One  research  program  of  the  U.  S.  Anny  Personnel  Research 
Office  has  been  designed  to  provide  human  factors  information  which 
can  be  useful  in  enhancing  the  output  of  currently  developing  and 
futvure  systems.  The  present  paper  summarizes  the  scope,  rationale, 
and  organization  of  the  research  program  as  well  as  several  recently 
completed  studies.^ 


OBJECTIVES 

The  objectives  of  the  research  program  are  to  enhance  the 
performance  of  command  information  processing  systems  by  providing 
users,  developers,  and  designers  of  current  and  future  systems 
information  concerning: 

1.  Objective  performeince  measures  for  evaluation  of  system 
and  subsystem  effectiveness. 

2.  Effects  of  characteristics  of  the  information  displayed; 
amount,  density,  type,  coding,  updating,  etc. 

^A  more  complete  accovint  of  the  contents  of  this  paper  will  appear 
in  several  separate  APRO  publications. 
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3>  Capabilities,  limitations,  end  reliability  of  human 
perfonaance . 

U*  Various  modes  and  sensory  modalities  of  presenting 
Information  for  assimilation  and  decision  making. 

5*  Specification  of  effective  individual  €uid  group  work 
methods  and  techniques. 

6.  Allocation  of  functions  among  men  and  equipment. 

7*  Procedures  for  identification  euid  assignment  of 
appropriate  personnel  to  critical  positions. 

CRITICAL  INPORMATION  PROCESSING  FUNCTIONS  IN  A  TOC 

An  automated  TOC  will  receive  vast  amounts  of  Information 
from  many  and  varied  sources.  The  Information  varies  \/ldely  In 
content,  form,  and  degree  of  completeness.  Further,  the  Information 
often  affects  several  different  steiff  groups.  The  raw  data  require 
a  great  deal  of  hemdling  and  processing  by  man  and  equipment.  Per¬ 
sonnel  will  work  under  a  wide  variety  of  conditions  ranging  from 
relatively  pressure-free  to  overwhelmingly  bxa^iensome  situations. 
Looking  at  the  system  as  a  whole,  there  appear  to  be  five  critical 
Information  processing  operations  that  man  and  equipment  have  to 
perfonn  (Figure  l): 

1.  Screen  Incoming  data  for  pertinence,  credibility, 
Impact,  priority ,  and  routing. 

the  raw  data  for  Input  Into  storage  de  Tees. 

3.  input  the  transformed  data  into  storage  devices  for 
subsequent  computations  and  displays. 

4.  Assimilate  data  displayed. 

5.  Decide  on  courses  of  action  based  on  information  dis¬ 
played  and  Information  from  other  sources. 

DELINEATING  THE  RESEARCH  PROBLEMS 

The  major  problems  in  command  information  processing 
systems  emerge  from  a  lack  of  experience  in  their  use.  Prom  an 
examination  of  Array,  Navy,  and  Air  Force  reports  sind  human  factors 
research  literature,  sind  from  observation  of  systems  eund  equipment 
In  operation,  a  number  of  basic  questions  were  Identified  which  have 
to  be  sinswered  before  such  systems  can  be  used  most  effectively. 

Since  these  automated  systems  are  designed  to  assist  the 
commander  and  his  staff  In  the  critical  functions  of  Information 
assimilation  and  decision  making,  current  task  activity  centers 
about  pro'blem  formulation  and  exploratory  reseen*ch  In  these  two 
functions.  (Questions  are  stated  from  the  point  of  view  of  optimizing 
acctiracy,  appropriateness,  and  speed  of  performance. 

CHARACTERISTICS  OF  INFORMATION  DISPLAYED 

In  the  eureas  of  decision  making  and  Information  assimila¬ 
tion  from  displays  of  various  kinds,  a  number  of  questions  revolve 
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around  (l)  the  amount  of  information  it  is  poaslhle  to  ahsorh. 
Integrate^  and  weigh  effectively]  (2)  the  densities,  formats  emd 
coding  that  may  be  beet  for  presentation  and  conoplculty  of  informa¬ 
tion;  (3)  the  most  appropriate  combinations  of  specific  information 
and  general  information  to  be  included  in  alpha-numeric  and  symbolic 
displays  (maps  and  overlays);  and  (4)  the  relative  effectiveness  of 
alpha-numeric  and  symbolic  display  of  different  classes  of  informa¬ 
tion. 

DmMlC  ASPECTS  OP  INFORMATION  DISPLAYED 

In  another  category  of  questions,  the  dynamic  or  changing 
aspects  of  the  information  presented  are  emphasized.  What  combina¬ 
tions  of  rate  of  information  updating  and  degree  of  change  in  an 
update  are  optimum  for  depicting  the  change  that  has  occurred?  V/hat 
is  the  utility  of  hard  copy  to  the  commander  and  his  staff  for  point¬ 
ing  up  trends  and  providing  a  sense  of  ’’history",  for  enhancing  feed¬ 
back  of  information  through  comparison  of  current  information  with 
hard  copy  of  past  information,  and  for  manual  backup  and  alternate 
TOC  purposes?  When  information  is  available  at  a  number  of  levels 
of  specificity  and  in  the  form  of  a  number  of  different  scales,  are 
certain  sequences  of  viewing  this  information  better  than  others? 

CERTITUDE,  PROBABILITy,  AND  CREDIBILITy 

A  third  category  of  problems  concerns  credibility  of 
information  presented  and  certitude  on  the  part  of  the  decision 
i!«ker.  Is  certitude  a  necessary  condition  for  good  performance 
over  time?  What  is  the  relationship  between  certitude  and  perfor¬ 
mance?  If  certitude  is  an  important  factor  in  performance,  can 
certitude  be  enhanced  through  manipulation  of  characteristics  of 
the  information  displayed?  To  what  extent  is  it  necessary  or 
desirable  to  present  to  the  commander  emd  his  staff  qualitative 
statements  as  to  credibility  of  the  information  and  quantitative 
estimates  of  its  probability?  What  role  con  the  computer  play  here? 

DISPLAY  MODES 

A  fotirth  cluster  of  questions  addresses  itself  to  other 
aspects  of  information  presentation.  What  display  or  sensory 
modedities  are  best  for  inforratlon  assimilation  and  decision  making 
purposes?  Are  there  sa-.;e  combinations  of  sensory  modalities  that 
\rauld  enliancG  performance?  V/hat  are  the  relative  icerlts  of  group 
versus  Individual  display's  and  work  methods?  Are  both  kinds 
necessary? 


RESEARCH  APPROACH 

In  many  cases,  parallel  studies  will  be  conducted  with 
alpha-numeric  and  symbolic  displays.  The  criterion  or  performance 
measures  will  consist  of  one  or  more  measures  of  accTiracy, 
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approprlaiitenesB ,  time,  and  certitude.  The  studies  vlll  Incorporate 
substantive,  quantitative,  qualitative,  formal,  and  conceptual 
aspects  of  information  and  vlll  sanqple  problem  solving  situations  of 
different  con^lexlty  levels,  and  situations  ranging  from  relatively 
slov  to  rapid  changes  of  events.  Four  of  the  following  five  studies 
have  recently  been  con^eted.  The  first  tvo  deal  with  alpha-nxunerlc 
displays  and  the  remainder  with  symbolic  displays. 

I.  UiFORMATION  ASSIMILATION  FROM  UPKA-NUMERIC  DISPLAYS 


PORPOS3 


The  first  study  was  designed  to  measure  the  effects  of  the 
following  variables  on  speed  and  accuracy  of  Infomvatlon  assiialla- 
tlon: 

1.  Amount  of  Information  presented  (10,  13,  auid  23  rows). 

2.  Density  of  Information  presented  (1:4,  1:3,  and  1:2 
ratio  of  constant  letter  height  to  space  between  rows). 

3.  Position  or  location  of  desired  Information  (3  positions 
from  top  to  bottom  of  slide). 

4.  Complexity  of  question  asked  and  search  required  (2,  3> 
or  4  columns  to  be  scorched). 

METHOD 


Thirty  subjects  were  used  in  this  study.  When  a  subject 
was  seated,  a  chart  or  tote  was  projected  (4o"  x  45")  and  the  column 
headings  were  explained  (Figure  2).  Then  he  was  given  a  booklet 
containing  Instructions,  practice  questions,  and  experimental 
questions.  The  subject  studied  a  question  for  15  seconds;  then  a 
slide  was  projected  and  he  called  out  the  answer  as  soon  as  he  found 
It  on  the  slide.  The  time  between  presentation  ^f  the  information 
and  the  subject's  respozise,  and  an  accuracy  score  were  obtained  for 
each  trial.  There  was  no  time  limit  for  a  response. 

RESULTS 

1.  As  amount  of  Information  Increased  from  10  to  25  lines, 
the  mean  search  time  Increased  approximately  4  seconds,  an  increase 
of  approximately  24^  (Figure  3). 

2.  Search  time  for  high  density  of  irformatlon  was  slight.ly 
shorter  than  for  medium  and  low  densities. 

3.  Pertinent  Information  placed  near  the  bottom  of  the 
displays  took  approximately  4  seconds  longer  to  find  than  information 
near  thi'  top  of  the  displays,  a  difference  of  apijroxlmately  225^ 

(Figure  4). 

4.  An  Increase  In  the  number  of  columns  searched  from  tvo 
to  four  required  appro::lmatcly  six  additional  seconds  of  search  time 
per  column,  a  total  time  Increase  of  approximately  100^  (Figure  4). 
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IMPLICATIONS 

AmCTint;  The  four  second  (24^)  inosreese  in  eeereh  time  suggeste  thet 
attention  be  given  to  the  amount  of  Information  presented  In  dlsplaye. 
For  those  displays  from  which  Information  must  be  rapidly  extracted 
and  assimilated^  amount  of  Infoznatlon  should  be  Icept  to  a  mlnliBum. 

If  time  Is  not  a  critical  factor j  more  Information  might  be  usefully 
presented  at  one  time. 

Density;  Either  an  absence  of  differences  or  such  slight  differences 
as  were  found  In  search  time  as  a  function  of  density  changes  suggests 
that  Information  can  be  packed  fairly  tightly  into  an  alpha-numeric 
display  without  any  loss  of  efficiency  In  assimilation*  Thus,  it 
may  be  feasible  to  present  more  than  one  tote  on  a  slide.  For 
example,  some  of  the  totes  may  ordinarily  be  related  and  contain  less 
information  than  others.  More  than  one  of  these  low  amount  totes 
could  be  placed  on  the  same  slide  which  could  result  In  a  saving  of 
display  storage,  a  reduction  In  the  nuniber  of  displays  called  from 
storage  during  a  given  time  period,  and  a  reduction  in  the  total 
Information  assimilation-decision  process. 

Position;  The  percentage  differences  in  time  between  position  1  vs* 
position  4  and  position  2  vs.  position  $  reflect  the  procedure,  as 
reported  by  most  subjects,  of  searching  the  display  from  left  to 
right  and  top  to  bottom.  These  results  may  have  Inqplloations  for 
operational  search  procedures,  forrnttlng,  and  placement  of  informa¬ 
tion  In  the  totes.  For  example,  It  may  be  possible  to  capitalise 
on  "natural"  or  optimal  scanning  technl<iaes  to  Increase  consplculty. 
Increase  confidence,  and  reduce  search  time  by  appropriate  placement 
of  new  and  Itqportant  Information  in  updated  totes. 

Complexity;  The  large  percentage  increases  in  time  as  a  function  of 
increased  levels  of  complexity  reflect  not  only  the  time  spent  in 
searching  the  displays  but  the  time  spent  in  referring  back  to  the 
(juestlon  booklet  as  well.  With  a  longer,  more  comiplleated  Informa¬ 
tion  reguest,  subjects  reported  that  they  had  to  spend  more  time 
checking  the  original  question  and  then  rechecklng  their  answer  before 
they  responded.  Improved  formats  for  stating  Information  requests 
may  reduce  the  amount  of  search  time  required. 

The  Experimental  Task;  The  experimental  task  of  searching  for  Infor- 
matlon  in  varying  numbers  of  rows  and  columns  in  relatively  static 
alpha-numeric  displays  may  be  one  of  the  least  difficult  Information 
assimilation  activities  that  people  will  be  required  to  perform  In 
operational  command  systems.  Other  studies  that  will  be  conducted 
vlll  require  the  recall  of  Information  no  longer  on  display  or 
available  or  the  recognition  that  information  is  missing,  changed  or 
added,  and  the  integration  of  information  In  decisions.  As  elements 
of  simulation,  these  variations  In  task  are  expected  to  produce 
greater  differences  in  performance. 
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PURPOSE 


ZZ.  CODZRO  ZNPOBMiVrZON  FOR  CQKSPZCUZTZ 
ZN  Alf  RA-RUMBRZC  DZSPLAYS 


Zn  proposed  Automated  oocanand  Information  proceeilng 
•yeteme,  information  will  be  oontlixually  updated  and  available  for 
dliplay.  The  awarenees  of  ehangee  and  speed  with  which  xipdated 
information  Is  apprehended  can  be  an  lnqpoortant  factor  In  cosnand 
decision  naklngf  particularly  when  large  numbers  of  displays  must  be 
•canned.  Zn  this  experiment,  the  time  taken  to  locate  updated 
elements  of  Information  was  studied  as  a  function  of: 

1.  Coded  and  uncoded  updated  elements. 

2.  Number  of  updated  elements  (k,  8,  12,  l6). 

3.  Total  amount  of  elements  presented  (38,  $k,  72,  90). 

Group  vs.  Individual  displays. 

(An  element  was  defined  as  that  word  or  number  which 
appeared  In  a  given  cell  of  a  chart.) 

METHOD 

Thirty  subjects  were  used  in  this  study.  Sixteen  pairs  of 
charts  of  alpha-numeric  Information  were  presented  to  each  subject 
(FlCTAre  2).  These  charts  consisted  of  two  sets  each  of  four  levels 
of  amount  (36,  72,  and  90  elements}  and  four  levels  of  number  of 

elements  uj^ted  (<4-,  6,  12,  and  16  elements).  Zn  one  set,  the  updated 
elements  were  size-coded  and  In  the  other  set,  they  were  not.  RSlf 
the  subjects  received  the  information  on  a  group  display  and  half 
on  individual  displays.  Each  subject  was  given  a  booklet  of  charts 
arranged  in  the  same  order  of  presentation  as  the  updated  charts. 

The  charts  In  the  booklet  differed  from  the  updated  charts  In  two 
x«8pects;  (a)  no  elements  were  coded,  and  (b)  the  cells  corresponding 
to  those  In  which  updated  Infonsatlon  appeared  in  the  updated  charts 
contained  different  Information.  The  subject’s  task  was  to  compare 
the  booklet  charts  with  the  updated  chtnts  and  cross  out  those 
elements  In  his  booklet  which  differed.  The  time  between  presenta¬ 
tion  of  the  Information  and  the  subject's  response,  and  an  accxaracy 
score  were  obtained  for  each  trial. 

RBSUITS 


The  findings  concerning  total  amount  of  elements  presented, 
number  of  updated  elements,  and  coded  and  uncoded  xipdated  elements 
were  parallel  for  group  (projected)  and  Individual  displays  (Figures 
5  and  6). 

1.  Time  taken  to  locate  updated  elements  of  Infonnatlon 
was  significantly  shorter  for  coded  than  for  uncoded  Information. 

2.  Perfonsance  time  Increased  with  increasing  total 
amount  of  elements  paresented  and  number  of  updated  elements. 

3.  While  time  taken  to  locate  updated  elements  of  infor¬ 
mation  Increased  as  a  functlra  of  Increasing  total  amount  of 
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•lementt  tht  rftt«  of  tin*  InoroMo  for  ooded. 

VM  tubctantlally  lowor  than  for  \mooded  aleaenta* 

Parfomanca  tint  vm  aignlfloantly  shorter  vlth 
Individual  displays  than  with  a  group  display. 

BlPLICifflONS 

The  potential  value  of  coding  updated  information  in 
consnand  system  displays  has  bean  demonstrated.  This  finding  lends 
support  to  the  incosrporation  and  use  of  ooding  oapabilities  in 
command  information  processing  systems.  The  results  on  o>rarall 
differences  in  parfozmnee  between  Individual  displays  and  group 
displays  raises  some  doubts  concerning  the  relative  merits  of 
group  displays >  at  least  for  certain  kinds  of  tasks.  For  exassple, 
group  displays  do  not  permit  the  viewers  as  much  freedom  to  touch, 
trace,  and  mark  on  them  as  individual  displays— which  activities 
may  help  in  the  performance  of  the  task* 

III.  INFORMATION  ASSIMH^O^ION  FROM 
SIMBOUC  riSPLAIS 


PURPOSE 


In  updating  military  overlays,  different  degrees  of  change 
occur.  The  purpose  of  this  study  was  to  determine  the  effects  of 
the  following  variables  on  accuracy  of  Information  assimilation. 

1.  Amount  of  information  presented  (12,  l6,  20,  and 
2lf  military  unit  flag  symbols). 

2.  Number  of  symbols  removed  in  a  single  updating 

(2,  6,  and  6  from  each  amount). 

METHOD 

The  type  of  flag  symbol  used  is  shown  in  Figure  7.  Thirty- 
two  subjects  were  randcoly  divided  into  eight  groups  of  four  each. 

The  four  subjects  in  each  group  were  seated  1?  feet  from  the  viewing 
screen  and  were  pnsented  the  slide  materiel  simultaneously.  This 
permitted  group  data  collection  and  provided  ?ome  simulation  of  a 
tactical  operations  center.  Following  the  presentation  of  a  slide 
with  one  of  the  four  amount  levels,  a  second  slide;  e8seRtlaJ.ly  the 
same  as  the  first  slide  except  with  2,  k,  6,  or  6  elernonts  removed, 
was  presented.  Each  group  received  all  l6  amount  x  elemerts  removed 
combinations  in  different  orders. 

The  subjects  were  allowed  to  view  the  first  slide  for  one 
minute.  At  the  end  of  this  time,  they  vero  shown  the  second  slide 
of  the  pedr  for  one  minute.  Their  task  was  to  determine  which  flags 
were  missing  and  to  circle  the  missing  flags  on  the  approprli'^te  page 
in  their  booklet.  After  they  circled  the  missing  flags,  they  were  to 
show  how  certain  or  uncertain  they  felt  about  the  correctness  of 
their  answer  by  circling  one  of  the  phrases  on  the  eight  point  scale 
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on  the  bottom  of  the  page.  They  were  given  approxixoately  one 
alnute  to  anewer  and  had  to  work  independeobly. 

The  subjects'  responses  were  analysed  in  terms  of  accuracy 
and  types  of  errors  (omission  and  coosnisslon) .  The  accuracy  scores 
vejre  used  as  the  basic  data  for  the  amalysis  of  variance.  The  data 
collected  from  the  eight  point  scale  on  how  certsdn  or  uncertain  the 
subject  felt  about  the  correctness  of  his  answer  was  analyzed  as  paz*t 
of  another  study  which  will  be  described  next. 

besults 


1.  Accuracy  of  information  assimilation  decreased 
approximately  3  percentage  points  for  each  6iddltlonal  symbol 
included  in  a  single  slide  presentation.  A  degradation  in  accuz^acy 
from  8^^  with  12  symbols  presented  to  apwoxiioately  k6^  correct  with 
Zk  symbols  presented  was  found  (Figure  6). 

2.  The  nutober  of  symbols  removed  in  a  single  slide  up¬ 
dating  did  not  affect  the  percent  accxzracy  of  information  assimila¬ 
tion  (Figure  8). 

3.  The  number  of  symbols  removed  did  affect  the  type  of 
error  made.  As  more  symbols  were  removed  increasingly  more  errors 
of  omission  than  errors  of  commission  were  made. 

k.  Individuals  were  found  to  differ  appreciably  in  their 
ability  to  eisslmllate  the  presented  information.  Various  methods 
were  used  in  organizing  and  retaining  the  presented  information. 

IMPLIG/O^IONS 

l.  Efforts  should  be  made  to  determine  the  operational 
utility  of  presentlzig  minimal,  nusibers  of  military  elements  in  a 
single  map  or  overlay  display  by  (a)  informational  analyses  and 
en^lrlcal  studies  to  determine  the  information  needed  for  the 
commander's  decisions,  (b)  representing  logically  grouped  military 
elements  as  single  sy^ls,  and  (c)  the  use  of  coding,  multi-sensory 
displays,  etc.,  to  Increase  the  informational  capacity  of  single 
military  syiafbols . 

2.  Ways  of  evaluating  the  relative  seriousness  (conse¬ 
quences)  of  misinformation  represented  by  different  types  of  errors 
in  battlefield  conditions  should  be  investigated.  Future  studies 
can  then  include  types  of  error  ais  a  performance  measure. 

3.  Information  assimilation  may  be  enhanced  by  trednlng 
in  the  more  successful  methods  of  organizing  and  retaining  changes 
resulting  from  updating. 

IV.  CERTITUDE  AND  INFORMATION  ASSIMILATION 
PROM  SYMBOLIC  DISPLAXS 


PURPOSE 


Accuracy  of  Information  assimilation  may  be  only  part  of  an 
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Adequate  proximate  criterion  for  evaluating  the  effectiveness  of 
various  displays  used  In  decision  making.  Feelings  of  certainty 
about  that  accxaracy  nay  ultimately  play  an  Important  role  In  the  for¬ 
mulation  of  decisions.  The  present  study  was  conducted  to  determine 
the  Interrelationships  among  amoxxnt  of  Information  presented,  extent 
of  changes  Introduced  In  updating,  accuracy  of  information  assimila¬ 
tion,  and  cesrtltude  or  confidence  In  that  accuracy. 

MSTHDD 


The  method  Is  the  same  as  outlined  In  the  previous  study. 


RSSULTS 


1.  As  the  number  of  synibols  In  a  single  slide  increased, 
mean  accuracy  and  mean  certltvide  tended  to  decrease  together  In  an 
approximately  straight  line  fashion  (Figure  8). 

2.  As  the  nuniber  of  symbols  removed  In  a  single  slide 
updating  Increased,  certitude  tended  to  decrease  In  the  absence  of 
any  change  In  accuracy  (Figure  8). 

3.  An  Individual's  feelings  of  certitude  about  the 
correctness  (accuracy)  of  his  infonaatlon  assimilation  from  symibollc 
displays  was  not  a  very  good  Indication  of  his  actual  rncuracy 
(r«.52). 

mPLICATIONS 


1.  Certitude  can  be  affected  by  a  display  variable  which 
has  no  effect  on  accuracy  of  Information  assimilation.  Consequently, 
efforts  to  enhance  displays  In  command  ixifonnation  processing 
systems  should  focus  on  display  characteristics  which  Increase  not 
only  accuracy  of  Information  assimilation  but  the  confidence  one 

has  In  this  accuracy,  pending  determination  of  the  degree  of  re¬ 
lationship  of  both  certitude  and  accuracy  to  effectiveness  of 
decision  making 

2.  Both  the  amount  of  Information  presented  and  the 
amount  of  change  In  a  single  slide  updatlxig  should  be  kept  as  small 
as  feasible  because  this  would  tend  to  generate  the  highest  degree 
of  certainty  and  accuracy. 

V,  CODDIG,  HARD  COPT,  TYPE,  AND  EXTENT 
OF  UFDATINO  OF  SYMBOLIC  IKPORMATIQN 


PURPOSE 


The  pux^ose  of  this  study  Is  to  determine  the  effect  of 
the  following  on  speed  and  accuracy  of  performance  of  information 
extraction  and  assimilation  tasks: 

1.  Type  of  update  (Remove,  Reposition,  Add  units). 

2.  Extent  of  update  (2,  4,  6  xinlts). 

3.  Total  amount  of  vtnlts  presented  (12,  l8,  2^  units). 
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4.  SBhanctatxxt  ttohniqEMi  (No  •Ids,  bird  oo^y  of  previous 
•lids  to  oonpore  with  uneoded  updated  elide,  aininnan  coding,  tright- 
ness  coding) . 

METBQD 


Sech  of  12  groups  of  4  subjects  will  be  presented  27  sets 
of  slides.  The  first  slide  in  a  set  will  contain  a  given  number  of 
syitbols  systematically  positioned  on  a  msp  background.  The  second 
slide  In  a  set  will  be  Identical  to  the  first  except  for  the  changes 
called  for  by  the  pcrtlcular  type  and  extent  of  change  conditions 
imposed.  Subjects  will  view  the  slides  in  a  set  in  sequence.  They 
viU  have  2  questions  to  answer  for  each  set  of  slides.  Questions 
will  relate  to  the  updated  slide.  Thsy  will  indicate  their  answers 
by  pressing  appropriate  response  le&yn  as  soon  as  they  have  ascer¬ 
tained  the  correct  answers.  They  will  then  continue  viewing  the  slide 
until  6o  or  90  seconds  have  elapsed  at  which  time  the  slide  will  be 
removed  and  th^  will  indicate  on  their  auoswer  sheets  (replicas  of 
first  slide)  all  changes  which  th^  observed  in  the  second  slide. 

Time,  accuracy,  aiaf  type  and  frequency  of  error  will  be  ascertained 
for  the  extraction  and  assimilation  tasks  for  each  slide  set. 

ANTIdPitTED  RESULTS 

While  this  study  has  not  yet  been  conducted  at  this 
writing,  the  following  major  results  are  expected: 

1.  There  will  be  significant  decrements  in  performance 
associated  with  Increasing  amounts  of  units  presented  and  extent 
of  iqpdatlng. 

2.  There  will  be  substantial  differences  In  performance 
as  a  function  of  enhancement  techniques. 

3.  The  decrements  In  performance  discussed  in  1  above, 
will  be  less  as  enhancement  Increases  from  no  adds  to  bard  co^  to 
minimum  coding  to  brightness  coding. 

IKFUCATIQRS 

1.  Amount  of  infoxmation  presented  should  be  kept  at  a 
minimum  consistent  with  operational  needs. 

2.  Techniques  for  the  enhancement  of  Infosmatlon 
presentation  in  terms  of  consplculty,  history  or  trends,  etc.  should 
be  seriously  com  Idered  in  the  design  and  development  of  command 
information  processing  systems. 
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A  DESION  FOR  ANXMAL-HEARINH  RESEARCH 


JOHN  J.  ROMBA 

U.  S.  ARMT  HtMRN  ENGINEERINC  LABORATORIES 
ABERDEEN  PROVING  GROUND,  ^«^RYLAND 


Tht  Chirac t«r  of  hearing  at  any  noiient  it  ganarally  the 
raaultant  of  a  largo  nunbar  of  dotminants  which  nay  bo  divided  into 
t*ro  catogorioa,  atinuli  impinging  on  the  organiam  and  the  etato  of  the 
organism.  In  hearing  experiments,  the  organismic  condition  cannot  be 
controlled  in  the  same  sense  as  environmental  stimuli  may  be  -  the 
hearing  mechanism  is  never  quiescent  or  static,  therefore,  the  input 
of  stimuli  is  to  a  system  which  is  continually  active.  The  large 
variations  attributable  to  organismic  factors  are  one  of  the  persisting 
nroblems  in  bioacoustics.  If  the  reasons  for  these  variations  were 
identified,  better  experimental  controls  could  be  exercised.  Further* 
more,  if  a  study  were  made  of  those  factors  of  hearing  sensitivity  in 
which  individual  subjects  differ,  we  might  discover  why  seme  people 
are  more  susceptible  to  hearing  impairment  than  others. 

In  our  work  with  monkeys,  we  have  noted  relative  stability 
of  hearing  sensitivity  of  individual  subjects  over  tine  and  orderly 
changes  of  sensitivity  occurring  when  each  anijsal  was  aubjeoted  to 
various  experimental  conditions.  Patterns  appeared  which  could  be 
recognized  as  "belonging"  to  a  particular  animal. 

First,  T  shall  describe  characteristic  hearing  patterns 
which  may  be  found  in  individual  subjects  under  normal  enviroimental 
conditions:  then,  those  which  result  from  exposure  to  stressor  stimuli, 
A  characteristic  feature  found  in  individual  threshold  curves  of  most 
sub.human  primates  is  the  sharp  tonal  dip  in  sensitivity  which  occurs 
at  about  4000  cps.  This  zone  of  low  sensitivity  is  sufficiently 
universal  that  it  is  annarent  even  in  Harris's  (8)  data  derived  from 
a  group  of  monkeys  (Fig,  1),  Although  the  American  Standards  Associa¬ 
tion  human  group  curve  (1)  appears  smooth  across  the  hearing  spectrum, 
Gardner  (5)  reported  finding  nuite  a  large  number  of  4000  cps  dips  in 
children  from  10  to  18  years  of  age.  There  appears  to  be  some  rela¬ 
tionship  between  this  low  point  of  acuity  and  further  loss  of  hearing, 
Gravendeel  and  Plomp  (7)  have  shown  that  the  average  location  of  tern- 
norary  hearing  loss  manifested  itself  at  the  location  of  the  dip. 
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Anothtr  fttttdm  which  may  bt  worthy  of  study  it  tht  amount 
of  within  subject  variability.  The  variation  shown  by  ont  of  our  ani¬ 
mals  for  a  tone  of  2000  cps  is  illustrated  In  Fiy.  2.  Ten  measures 
were  made  a  minute  apart  or.  each  of  10  consecutive  days.  Threshold 
estimates  within  each  test  session  remained  relatively  constant  for 
all  sessions  and  showed  distinct  differences  in  hearing  sensitivity 
level  from  one  session  to  another.  The  deytree  of  stability  revealed 
by  the  data  on  this  animal  distinymished  it  from  other  animals  on  this 
particular  criterion. 

;*ame  cr^inals  show  patterns  of  variability  which  differ  for 
differen\^  ^xtrts  of  the  sensitivity  curve.  There  may  appear  a  narrow 
distributi.Mi  of  values n  say,  about  the  low  freouencies  and  a  wide  dis¬ 
tribution  about  the  hlphs  or  an  animal  may  shew  oenolatently  groater 
variation  at  only  one  frequency. 

Additional  patterns  indicative  of  individuals  can  be  dis¬ 
cerned  when  the  ear  is  exposed  to  impulse  noise.  An  example  from 
some  preliminary  research  done  by  the  author  (10)  is  shown  in  Pip.  3. 
The  curves  consist  of  threshold  measures  taken  before  a'^d  after  ex¬ 
posures  to  an  impulse  noise  of  ^xout  ISO  db.  The  pair  of  curves  given 
for  each  of  three  animals  is  a  sample  of  two  successive  expos  .e  per¬ 
iods  extracted  from  a  laryrer  series.  The  short  straight  line  at  the 
begliminff  of  each  curve  is  the  baseline  threshold  measured  minutes  be¬ 
fore  the  noise  treatment  was  given.  The  remaining  points  on  the  curve 
represent  thresholds  in  transition  toward  another  baseline.  Basic 
similarities  in  character  of  the  curves  were  generally  observed  for 
the  data  obtained  from  each  animal.  We  recognised  in  the  data  stable 
individual  patterns  of  change.  For  example,  animal  50  typically  con¬ 
tinued  to  decrease  in  sensitivity  up  to  50  minutes  following  exposure. 
Each  successive  pre-exposure  baseline  also  shifted  in  level,  indicating 
a  gradual  decrease  in  hearing  sensitivity.  On  the  other  hand,  the 
curve  of  rnimal  54  regularly  overshot  the  comparison  baseline  by  5  to 
10  decibels  SO  minutes  after  exposure.  The  curves  for  animal  51,  are 
similar  to  the  '*classical  curve  of  recovery*'  found  in  groups  of  svd>- 
jects.  It  is  aoparent  that  If  the  data  were  averaged  over  the  three 
animals,  the  result  would  appear  is  the  "classical"  curve.  It  Is  also 
clear  that  this  yrroup  curve  then  would  not  be  renresentative  of  some 
individual  animals. 

TWo  animals  in  this  study  displayed  a  systematic  reduction 
in  the  amount  of  initial  shift  as  a  function  of  Increasing  number  of 
exposures.  It  appeared  that  the  audltorv  mechanism  was  becoming  more 
and  more  resistant  to  the  dmsaging  effects  of  the  loud  noises.  If  the 
ear  reacts  by  changing  Its  structure  so  that  It  Is  more  resistant  to 
damage,  then  It  becomes  an  Important  factor  which  must  be  accounted 
for.  It  Is  also  possible  that  these  reductions  In  loss  may  be  the 
result  of  conditioning.  A  flash  of  light  was  programmed  to  Immediately 
precede  the  treatment  noise.  Its  purpose  was  to  reduce  startle  in  the 
animal.  The  animals  may  have  become  conditioned  to  activate  their 
middle  ear  muscles  just  prior  to  the  shot  and  thereby  reduce  the  effect 
of  the  treatment,  if,  indeed,  this  happened,  then  the  correlation 
between  environmental  stressors  and  the  character  of  the  shift  In 
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hearing  for  etch  animal  can  be  strengthened  by  measuring  the  activity 
of  the  middle  ear  muscles  at  the  moment  of  exposure. 

This  is  nrobably  the  best  time  to  summariie  vhat  we  have 
gone  over  so  far.  It  is  apparent  chat  there  is  a  great  deal  of  in* 
formation  lost  when  individual  variation  is  not  taken  into  account. 

The  patterns  of  hearing  sensitivity  of  individual  sublects  appear  to 
correspond  to  stress  instigated  changes  in  their  sensitivity. 

The  necessity  for  steady  attention  to  individual  subjects 
dictates  the  use  of  long  term  longitudinal  studies.  This  type  of  study 
is  seldom  used  in  present  research  in  this  area. 

In  the  time  remaining  I  would  like  to  present  some  variables 
which  are  important  factors  in  hearing  research. 

1.  Sublects.  Animals  are  well  suited  for  the  study  of  hear* 
ing  phenomena,  tneir  enviroiment  may  be  controlled  and  repeated  ob¬ 
servations  made  over  long  periods  of  time  -  preferably,  the  lifetime 

of  the  animal.  The  necessity  of  inflicting  nermanent  hearing  losses 
on  the  subjects  in  order  to  relate  some  factors  of  pre-loss  hearing 
behavior  to  factors  of  permanent  changes  in  hearing  condition  pre¬ 
cludes  the  use  of  human  subjects.  Humans  can  be  used,  under  conditions 
of  hearing  losses  which  are  only  teaiporary  to  validate  the  principles 
developed  with  animals. 

2.  Noise  Exposure  and  Organ! smic  States.  He  are  interested 
in  stimulus  variables  such  as  intensity,  duraiion,  rise  time,  fre¬ 
quency  spectrum,  number  of  pulses,  number  of  exposures  and  their  inter¬ 
actions.  The  experimenter  may  also  be  interested  in  organismic  states 
induced  by  such  things  as  stress,  fatigue,  and  ototoxic  drugs. 

3.  Hearing  Test  Method.  IVo  psychophysical  techniques,  the 
Method  of  Adjustment  (Beicesyj  j^i)  and  the  Method  of  Limits,  have  been 
used  in  himan  audiometry.  In  the  B^k^sy  technique,  the  subject  is  in¬ 
structed  to  press  a  button  when  he  can  hear  the  tone  and  to  release  It 
when  he  cannot  hear  the  tone.  The  button  operates  a  motor-driven 
attenuator  in  such  a  way  that  the  intensity  of  the  tone  is  decreased 
when  the  subject  presses  the  button  and  increased  when  ho  releases  it. 
As  a  result,  the  stimulus  intensity  oscillates  up  and  down  across  the 
subject*s  threshold,  and  a  continuous  printed  record  of  the  stimulus 
intensity  gives  a  picture  of  the  threshold.  In  the  Method  of  Limits, 
a  trial  sequence  is  first  begun  with  an  audible  tone  which  is  reduced 
in  intensity  in  preselected  steps  on  successive  trials  until  the  sub¬ 
ject  fails  to  respond.  The  next  sequence  is  given  in  the  ascending 
order,  with  a  tone  that  increases  in  intensity  until  a  response  is 
obtained.  Normally,  progrmaming  and  recording  are  done  manually  by 
the  experimenter. 

Modified  forms  of  the  Method  of  Limits  have  been  used  with 
animals  in  a  free  field  situation  during  the  past  three  decades,  but 
the  reliable  measurement  of  a  threshold  often  took  an  hour  or  longer. 
This  method,  as  used,  could  not  be  considered  usefUl  for  measuring 
most  transitory  shifts  in  hearing  sensitivity.  The  automatic  character 
of  the  B^k^sy  technique  strongly  appealed  to  the  experimenter  working 
with  animals,  and  not  long  after  it  first  appeared  the  method  was 
tried  with  small  animals.  Blough  (3)  successfully  obtained  visual 


thresholds  with  the  plpeon  by  usifift  two  keys*  The  bird  was  reinforced 
for  ^eekinff  one  resT»onse  Vev  when  en  illumination  patch  was  visible  and 
another  key  when  the  patch  was  dark,  fiourevitch.  Mack,  and  Hawkins  (6) 
adapted  the  Blouyh  two- lever  technipue  for  auditory  measurement  in  rats. 
They  were  interested  in  the  possibility  of  usine  the  method  for  tracinfr 
the  gradual  development  of  hearing  impa intent  produced  by  ototoxic  anti¬ 
biotics.  Reliability  of  threshold  level  was  obtained  only  by  averaging 
more  than  100  threshold  crossings. 

Clack  and  Harris  (4)  used  the  same  technique  with  rats  e:c- 
cept  for  a  minor  modification  in  training  procedure.  Their  results 
were  essentially  the  same  as  those  obtained  by  Courevitch  el  al  (6), 
but  they  encountered  extreme  difficulty  in  maintaining  stimulus  con¬ 
trol  of  behavior.  r.ood  performance  with  this  complex  method  seems  to 
be  beyond  the  ability  of  lower  animals. 

The  testing  of  hearing  in  animals  at  the  Human  Engineering 
Laboratories  is  accomplished  by  the  Method  of  Limits  (9).  Speed  of 
threshold  measurement  has  been  improved  over  earlier  attempts  with  the 
method  through  elimination  of  most  extraneous  stimuli  in  the  test  en- 
viroraient,  extensive  training  of  the  animals,  use  of  shock  reinforcer, 
and  minimisation  of  variations  in  the  sound  field.  Recently  we  worked 
out  a  completely  automated  program  for  training  and  testing  animals, 
that  spurious  effects  caused  by  differences  in  technique  among  var¬ 
ious  experimenters  and  similar  uncontrolled  factors  could  be  minimised. 
The  machine  programs  material  either  in  a  fixed,  predetermined  sequence, 
or  in  a  sequence  varied  according  to  a  number  of  animal  performance 
criteria. 

Both  the  Method  of  Limits  and  the  Bdkdsy  technique  involve 
problems  in  need  of  ftirther  attention,  including  optimum  spacing  of 
trials,  efficient  scheduling  of  reinforcement  (especially  within  the 
region  of  uncertainty  around  the  threshold) ,  reduction  of  the  occasion¬ 
al  disturbing  aspects  of  negative  reinforcers,  and  obtaining  independent 
criteria  of  good  performance. 

4,  Data  Handling.  A  major  problem  in  bioacoustic  research 
is  that  the  experiments  characteristically  produce  large  masses  of 
data.  Scientists  today  have  analytical  tools  such  as  factor  analysis, 
partial  and  multiple  correlation,  and  analysis  of  variance  to  yield 
information  leading  to  prediction.  Currently,  the  potential  of  the 
scientist  is  extended  through  the  application  of  electronic  computer 
technology  to  carry  out  complex  operations  heretofore  impractical. 

He  hone  to  develop  through  attention  to  the  individual's 
responses  a  model  which  will  predict  for  each  individual  and  not  simply 
for  the  average  subject  as  has  been  the  case  previously.  Obviously  our 
efforts  are  directed  to  a  problem  of  most  ismediate  interest  to  the 
military  -  damage-risk  criteria  for  impulse  noise. 
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HEARING  ACUITY  IN  DECIBELS  >f  .0002  MBAR 
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LOG  TIME  IN  HOURS  SINCE  EXPOSURE 


FIG.  3  SAMPLES  OF  HEARING  LOSS  AND  RECOVERY 

TRENDS  FOR  THREE  ANIMALS 
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THE  EFFECT  CF  REACTOR  IRRADIATION 
UPON  HIDROISN  ADSORPTION 
BY  AN  ALUMINA  CATALXST# 


D.  B.  R06EIBLATT  and  0.  J.  DIENES«» 
U.  S.  AmC,  FRANKFORD  ARSENAL 
PHILADELPHIA,  PA. 


I.  INTRODUCTION 


The  high  specific  surfeoe  area  forme  of  aliunlna  are  extensive¬ 
ly  used  in  hetex*ogeneous  catalysis,  lliere  have  been  reports  of  en¬ 
hancements  In  the  catalytic  activities  of  this  material  after  ex¬ 
posure  to  reactor  or  gaima  radiations.  Ihese  enhancements  were  for 
reactions  involving  hydrogen,  i.e.  hydrogen  -  deuterium  exchange,  1 
and  orthopera  hydrogen  conversion.^  This  suggests  that  there  is  a 
change  in  the  manner  in  which  hydrogen  is  adsorbed  and  desorbed 
from  this  material.  In  some  preliminary  work,  we  found  substantial 
differences  in  the  adsorption  of  hydrogen  on  virgin  and  irradiated 
gamma  alumina. 39^,5  These  investigations  have  been  extended  and  the 
results  are  given  in  this  paper. 

Changes  in  catalytic  and  gas  adsorbing  properties  are  to  be 
expected  if  the  surface  of  a  solid  is  altered  by  exposure  to  radia¬ 
tion.  There  is  a  severe  limitation  in  the  choice  of  physical 
properties  useful  as  indices  of  radiation  damage  to  a  surface. 
Electrical  resistivity,  mechanical  maasurements  or  optical  absorp¬ 
tion,  useful  in  studying  bulk  effects,  are  not  readily  applied  to  a 
few  atomic  planes.  Direct  observation  of  surface  effects  with  the 
field  ion  mlcroscoM  of  Muller  is  possible,  but  is  limited  to  a  few 
substances.  Toung'has  used  adsorption  of  krypton  on  alpha  alumina 
to  reveal  an  increase  in  the  nundMr  of  highly  active  adsorption 
sites  after  this  material  was  exposed  to  reactor  irradiation.  Qas 
adsorption  can,  therefore,  be  used  to  detect  surface  damage, 
although  the  Interpretation  of  results  is  usually  not  simple. 


*  Jointly  supported  under  the  auspices  of  the  U.S.  Atomic 
Energy  Commission  and  the  U,  S.  Arny* 

Brookhaven  National  Laboratory,  Upton,  N.  Y. 
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II.  EXPERIMENTAL  PROCEDURE 


Iha  matarial  uaed  In  these  experiments  was  Linde  Alumlns  Type 
B,  reported  to  consist  chiefly  of  gamms  alumina  particles  of  about 
Sw  although  a  few  relatively  large  (3$0w)  alpha  alumina  grains  are 
also  present. U  Electron  dlfAraotlon  results  correspond  to  the  gamma 
structure. 9  It  Is  known  that  oonplex  changes  ooc\ir  In  gemma  alumina 
If  It  Is  exposed  to  an  increasing  sequence  of  temperatures  above 
300^.  After  such  treataant,  reduction  In  surface  area  (largely 
due  to  sintering),  or^tallographlc  changes  and  loss  of  some  residual 
water  all  take  plaoe.iO  Moreover,  Infl^ared  studies  have  shown  that 
OH  groups  are  bound  to  the  surface  and  that  the  details  of  this 
binding  are  sensitive  to  ssmple  history. 11  It  Is  hardly  surprising 
that  observed  catalytic  activities  vary  greatly  with  the  exact 
method  used  In  calcining  and  otherwise  preparing  samples.  To 
simplify  correlation  of  the  present  gas  adsorption  results  with 
the  catalytic  properties  reported  by  others,  we  have  avoided  ex¬ 
ceeding  a  temperature  of  300oC  during  outgasslng  of  samples.  The 
specific  surface  areas  of  samples  are  then  found  to  be  constant,  and 
great  enough  to  be  characteristic  of  a  catalytlcally  active  substance. 

After  evacuation  to  pressures  of  10-$mm  of  Hg  at  room  temper- 
sture,  or  at  300OC,  the  specific  surface  areas  of  samples  were 
determined  by  nitrogen  adsorption  at  7BOK  by  the  B.E.T.  method  of 
analysis,  ^rdrogen  adsorption  Isotherms  at  78^K  were  obtained  by 
admitting  known  quantities  of  the  gas  into  a  constant  volume 
apparatus  containing  a  sample,  and  measuring  the  pressures  after 
attainment  of  equilibrium.  The  ampoules  containing  the  samples 
were  then  evacuated,  sealed  off  and  irradiated  to  doses  of  approx- 
isstely  10^°  nvt  at  in  the  Brookhaven  Research  Reactor.  The 
seals  of  the  samples  were  broken  vmder  vacuum  by  means  of  magnetic¬ 
ally  operated  hammers  thus  facilitating  the  measurement  of  adsorption 
characteristics  on  irradiated  samples  without  any  intervening  ex¬ 
posure  to  the  atmosphere.  After  again  degassing,  measurements  of 
nitrogen  or  hydrogen  adsorption  were  repeated. 

m.  EXFERIMEWTAL  RESULTS 


1.  Effect  of  Irradiation  on  Specific  Surface  Area 

The  specific  surface  area  of  the  gamma  alumina,  (^^85  mV|P* 
using  16. as  the  ares  of  an  adsorbed  nitrogen  molecule  at  78^;, 
was  found  to  be  independent  of  outgasslng  temperature  between  room 
temperature  a^  300<’C  and  unaltered  by  eubsequent  exposure  in  a 
reactor  to  10^°  nvt.  The  fact  that  this  radiation  dose  causes  no 
change  In  specific  surface  area  does  not  inoan  that  the  surface  has 
been  unaffected.  Changes  In  the  activity  of  adsorption  sites  will 
not  affect  the  values  obtained  for  the  surface  area,  since  the  B.E.T. 
method  measures  the  number  of  nitrogen  molecules  adsorbed  in  the 
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firat  Monolajrarf  ragardlaas  of  tha  datalla  of  tha  gaa-aolid  Intar- 
action.  In  tha  oaaa  of  our  Mtarlal,  tha  hl^  apaolfio  arao  la  dua 
to  amall  partiolo  alaa,  and  unlaaa  alntarlng  or  oon^raaly  tha 
dovalopmant  of  poroaity  occurs  as  a  result  of  irradiation^  no  change 
in  apecifio  surface  area  is  to  be  expected.  Evidently  auch  maoro- 
aoopic  changes  did  not  occur  in  these  aamplea,  although  they  could 
certainly  take  place  at  highar  radiation  dosea.  Youngs  in  about  the 
aaua  doae  range,  found  no  change  in  tha  apecifio  aurfaoe  area  of 
alpha  alunina.' 

2,  Effect  of  Dfradiation  on  Hydrogan  Adsorption 

Tha  isothenna  obtained  for  hydrogen  adsorption  on  a  particular 
ga-sRS  alumina  sample  (wt.  “  1.1498^)  before  and  after  irradiation 
are  ahoim  in  Fig.  I.  Irradiation  affeeta  not  only  the  amount  of 
adsorption  but  also  the  shape  of  the  isotherm.  Houever,  the  initial 
portions  on  both  curves  may  be  fitted  by  ths  langmair  relationahip 
0  -  kp/(l  kp)  (where  6  is  coverage,  p  is  pressure  and  k  is  a 
temperati'TS  dependant  oonatant).  Tha  data,  Uiarefore,  oould  be 
analysed  as  follows.  By  algebraic  rearrangement  ths  Langmuir 
equation  may  be  put  into  the  linear  form, 

where  x  is  the  number  of  molecules  adsorbed  at  equilibrium  on  a 
sample  of  m  grams  at  pressure  p,  B  is  the  number  of  molecules  requir¬ 
ed  to  complete  a  monolayer  on  1  gm.  of  sample,  and  A  is  proportional 
to  the  ratio  of  the  sticking  probability  to  the  evaporation  rate. 

If  P/^x^is  plotted  vs.  p  the  data  will  fall  on  a  straight  line 

in  ths  Langmilr  region  and  the  constants  B  and  A  can  be  oaloulated 
from  tha  slope  /i\  and  the  intercept  A  \  . 

w  w 

Fig.  II  presents  several  runs  for  the  same  sample  as  in  Fig.  1, 
but  replottad  in  ths  linear  form.  The  data  for  tha  unlrradlstsd 
sample  follow  a  straight  line  up  to  300  mm  of  Hg,  with  B^ 

2li  oc/gm.  After  adsorption  of cc/gm,  thare  is  a  drastic  change 
in  the  manner  of  packing  of  hydrogen  on  the  alumina  surface,  as 
indicated  the  abrupt  change  in  slope.  After  irradiation  the 
sample  behaves  entirely  differently.  The  initial  B  value  is  now 
between  5>  and  6  cc/gm,  i.e.'^'^l/tt  of  the  value  for  the  unirradiated 
case. 


Experiments  with  a  large  number  of  samples  (see  Fig.  Ill)  show¬ 
ed  that  the  amounts  of  hydrogen  adsorbed  as  well  as  the  shapes  of 
the  Isotherms  varied  greatly  from  sample  to  sample,  even  for  un- 
Irradlated  ones.  These  variations  occurred  although  samples  sub¬ 
divided  from  the  same  original  lots  of  powder  were  used.  There 
were  also  differences  in  behavior  between  various  irradiated  samples. 
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HowtTtr^  tha  raaulta  ara  not  randont  tha  laotharma  indleata  that 
two  dlffarant  modaa  of  adaox*ption  ara  pravalant,  with  adaorptlon  on 
tha  Irradlatad  aamplaa  balng  eharaotariiad  by  only  ona  of  thaaa 
modaa.  In  Fig.  Ill  two  dlffarant  unlrradlatad  aamplaa  (tha  aolld 
llnaa)  ara  ahownj  aaoh  aampla  waa  run  twloa^  tha  ourvaa  for  a  alngla 
aampla  Ua  adjaoant  to  ona  anothar.  Data  for  aavaral  Irradlatad 
aamplaa  ara  alao  ahown  (tha  daahad  ourvaa).  I^iaaa  ourvaa  all  11a 
abova  thoaa  obtained  for  tha  unlrradlatad  aamplaa.  Examination  of 
ourvaa  auoh  aa  thoaa  of  Fig.  Ill  ravaala  that.  In  ganaral,  tha  ra> 
aulta  may  ba  dlvldad  In^tha  following  thraa  eaaaat  Unlrradlatad 
type  (O  with  Initial  B^2li  00/911,  unlrradlatsd  type  (2)  with  In^ 
tlal  6  oc/gm,  and  Irradlatad  aamplaa  for  whloh  Initial  B  alao^ 

6  oc/911. 

Tha  laotharma  of  Fig.  IT  may  ba  oomparad  with  tha  linear  plota 
of  Fig.  m.  Tha  ohangaa  In  alopa  of  Fig.  Ill  c^orraapond  to  tha 
ohangaa  In  ourvatura  of  Fig,  17.  Typa  (l)  adaorptlon  la  rapraaantad 
by  tha  polnta  falling  along  tha  aolld  Una  in  Fl^;.  17.  Aa  la 
axplalnad  latar,  thla  probably  raaulta  from  adaorptlon  on  a  ralatlva- 
ly  olaan  aampla,  wharaaa  tha  othar  data  ara  Influancad  by  nltrogan 
eontaninatlori.  Soma  of  thla  nitrogen  la  driven  linto  tha  gaa  phaaa 
whan  hydrogen  la  adaorbad,  raaulting  In  a  lowarlnt<;  In  tha  net  gaa 
adaorptlon,  l.a.  our  obaarvatlona,  ^loh  oonalat  of  maaauramanta  of 
loaa  of  molaculaa  from  tha  gaa  phaaa  ara  raduoad  whan  nltrogan  la 
evolved.  Thoaa  runa  ahown  In  Fig.  17  whloh  do  not  follow  tha  aolld 
curve  belong  to  typa  (2)  adaorptlon)  where  adaorbad  hydrogen  replaoaa 
nitrogen  and  a  raduotlon  In  tha  net  adaorptlon  raaulta. 

3.  Maaa  Spactromatar  Evidence  for  Nltrogan  Contamination 

In  Fig.  IV  tha  lowest  ourve,  marked  M.5.,  ahown  unuaually  small 
net  adsorption  and  therefore  substantial  nitrogen  release  was 
suspected  In  this  ease.  Consequently,  the  gas  Involved  In  this  run 
was  subjected  to  mass  spectrometer  analysis.  After  the  last 
admission  of  hq^ogan  to  the  dead  volume  j  itainlng  tha  sample 
(still  at  (the  last  point  shown  for  sample  100>I  In  Hg.  IV} 

the  gas  waa  analysed  and  found  to  oenaiot  of  88  percent  hydrogen  and 
12  percent  nitrogen.  Since  onlv  ^drogan  was  admitted,  the  nitrogen 
oust  have  been  displaced  from  the  sample  as  the  hydrogen  was  adaorb¬ 
ad,  The  difference  between  the  known  quantity  of  hydrogen  admitted 
and  that  remaining  In  the  gas  phaaa  as  ahown  by  the  mass  spectromet¬ 
er,  l.e.  the  true  hydrogen  adsorption,  was  U.U2  oe/gm  of  sample. 

Tha  gaseous  ni^^gen  (by  tha  maaa  apaetrometer  result)  was  3.02  oe/gm. 
Tha  net  observed  adaorptlon  should  therefore  be  I1.U2  -  3.02  ■  l.UO 
oc/gm  which  la  close  to  the  observed  net  adsorption  of  1.39  cc/gm. 

li.  Chemical  Anelyala  of  Unde-Type  B  Alumina 

Speetraseopic  analysis  cited  by  the  manufacturer  Indicated  that 
the  material  waa  relatively  free  from  ordinary  Impurities,  but  no 
eatlmate  of  nitrogen  content  waa  furnished.  Quantitative  chemical 
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analyaia  of  •  numbor  of  ft^sh  aanploa  ylaldad  vary  variabla  rasulta, 
with  a  ^rpioal  nltrogan  eontant  of  200  p.p.m.  This  anount  of 
nltrofan,  avan  If  fully  ralaaaad,  would  not  account  for  tha  slaabla 
affaot  obaarrad  dlraotly  In  tha  maaa  apactromatar  axparlmant. 
Hovavari  aurfaoa  nltrogan  contamination  would  probably  not  show 
up  in  tha  chamioal  analysis.  A  sinipla  calculation  Sfhoaa  that  a 
monolayar  of  nitrogen  corresponds  to  2I44OOO  p.p.m.  of  nltrogan  for 
tha  particle  sisa  of  these  samples. 

IV.  DISCUSSION 


It  is  wall  known  that  vary  high  tempera turas  and  advanced 
vacuum  techniques  are  jraquirad  to  free  tha  surfaces  of  matalUo 
oxides  from  all  traces  of  original  gas.  Moreover  gamma  alumina 
possesses  surface  water  which  changes  to  bound  hydroxyl  gnoupa  in 
a  complicated  fashion  as  the  temperature  is  increased. Any 
effort  to  get  a  "pure"  surface  would  result  in  a  material  totally 
different  from  those  used  in  catalysis.  The  character  of  the 
surfaces  after  room  temperature  or  300^  degassing  for  2U  hours 
at  10~5  mn  of  Hg,  must  be  regarded  as  unknown^  and  not  neoassarily 
reproducible.  The  radiation  induced  enhancements  in  the  catalytic 
activity  of  gamma  alumina  demonstrated  by  others,  and  referred  to 
here  in  Section  I  are  apparently  not  due  to  an  increase  in  surface 
area  which  remains  constant  at  85  n^/gn* 


In  our  experiments  we  have  found  (from  the  initial  slopes  of 
type  (1)  adsorption  isotherms  Fig.  II  or  Fig.  Ill)  that  2U  ce/gm 
of  hydrogen  would  complete  a  monolayer,  or  using  the  measured 
surface  area,  the  area  occupied  by  a  hydrogen  molecule  is 


2li 

wmm 


_ 2it  g  6.02  X  10^3 

22.1;  X  103  X  85  X  lO^O 


molecules  of  R2 

(ff)5 


or  8g  X  aa.u 
6.02  X  2U 


molecule  of  H2 


13.2  (%)Z 
molecule  of  H2 

This  result  is  in  epproxlmate  agreement  with  the  experlMants  of 
de  Boer  et.  al^  on  the  chemisorption  of  water  on  alumina.  Ihese 
workers  showed  that  water  molecules  occupy  12.1  (a)2  per  water 
molecule.  They  claim  that  the  most  probable  lattice  plane  in  the 
surface  will  be  the  1,  1,  1  plane  of  the  spinel  lattice,  in  which 
each  oxygen  ion  takes  in  6.7li  of  siirfaoe.  Consequently  each 
water  molecule  in  the  experiments  of  de  Boer  et  al  is  shemisorbed 
to  two  oxygen  ions  in  the  alumina  surface.  In  the  hydrogen  case, 
our  experiments  indicate  that  adsorption  at  low  pressures  occurs 
on  all  available  sites  and  these  hy^ogen  atoms  are  chemisorbed 
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in  uaooiatlon  vlth  om  oxy^an  anrfaoa  ion.  At  highar  praaauraai 
ifhan  tha  ooivaraga  la  aWut  c  ee/gn,  tha  natura  of  tha  adaorption 
ohangaa.  At  thaaa  praaitova  mora  hydrogan  ia  adaorbad  than  indi- 
oatad  by  tha  aimpla  Langanir  iaotharm  valid  at  low  praaauraa, 

Iba  raMining  eurvaa  of  Fig*  III  probably  raflaot  contamination 
with  nitrogan.  Ihia  ia  auggaatad  bf  tha  maaa  apaotromatar  analysis 
of  tha  gas  which  ia  in  contact  with  tha  powdar. 

Fr'om  tha  data  of  Fig.  IV,  tha  diffaranoaa  batwaan  tha  aolid 
lino  (t,7pa  1  adaorption)  and  tha  raat  of  tha  data  is  approximataly 
linaar  A«ith  raapact  to  praaaura*  This  obsarvatlon  Is  difficult  to 
intarprat  but  ona  nay  spaoulata  as  follows.  Lot  tha  hydrogen 
displaca  nitrogan  from  tha  aampla  at  a  oonstant  rata.  Tha  ralaasad 
nitrogan  will  be  partly  raadaorbad  on  tha  surface  by  physical  ad¬ 
sorption.  The  rata  of  gaseous  nitrogan  production  and  destruction 
nay  ba  written  as 

-it  *  Vi 


idiara  •  ooacantratlon  of  nitrogen  in  gas  phase 

N2*  ■  oonoantration  of  nitrogan  on  solid 

V  •  concentration  of  hydrogen  in  gaa  phase 

Under  steady  conditions 


At  low  nitrogan  praaauraa  tha  nitrogen  adaorption  iaothaxn  ia 
approzinataly  linear  giving 


andy  therefore 


288 


ROSHIBUTT  and  DIBRCS 


Thus,  this  spsoulstlon  sufgssto  that  ths  aajor  diffsranos  bstwssn 
typs  1  and  typs  2  hshaTlor  is  that  In  ths  lattsr  oass  nitrofsn  is 
rslsassd.  This  rslsass  of  nitrofsn  is  faoilitatsd  by  prior  irradi* 
atioa  of  ths  saa^lsa.  Ths  unirradiatsd  typs  2  saaplss  appsar  to 
oorrsspond  to  Tsrions  ds^rsss  of  nltrogm  oontaaination. 

Ths  sxistsnos  of  an  original  laysr  of  adsorbsd  nitrofsn  mj  bs 
of  signifioanos  for  a  qualitatiTS  undsrstandinf  of  ths  ostalytie 
propsrtiss  of  fsasa  aluaina.  It  is  known  that  ths  unirradiatsd 
■atsrial  has  a  Tariabls  oatalytio  bshaTisr  dspsndinf  upon  hsating 
and  outfassing  proosdursa.  Kohn  and  Taylor  rsport  that  ths  ohoios 
of  dsgassing  tsohniqus  affsots  ths  subasqusnt  radiation  snhanosasnt 
of  its  oatalytio  aotirity.^  Kaurin,  Ballsntins  and  Suohsr  obtainsd 
no  inorsass  in  oatalytio  aotlrity  if  thsy  irradlatsd  in  Taouua,  but 
did  obtain  an  inorsass  if  hydrogsn  wsrs  in  oontaot  with  ths  alnalaa 
during  irradiation. 2  This  rsault  appsars  to  bs  in  aooord  with  our 
oonoluslons  i.s.  that  irradiation  in  Tsouua  doss  not  rsaors  ths 
nitrogsn  oontaaination  but  that  it  is  rsplaosabls  by  hydrogsn. 
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BOUNDARY  LAYERS 
IN  COUPLE-STRESS  ELASTICITY 
AND  STIFFENING  OF 
THIN  LAYERS  IN  SHEAR 


M.  A.  SADOWSKY,  Y.  C,  HSU,  and  M.  A.  HUSSAIN 
WATERVLIET  ARSENAL 
WATERVLIET,  NEW  YORK 


BOUNDARY  LAYERS  AND  SKIN  EFFECTS:  Boundary  layer  effects  in 
hydro-  and  aerodynamics  and  skin  effects  in  high  frequency  alternating 
currents  have  a  common  general  characteristic:  they  refer  to  some 
phenomenon  like  fluid  flow  through  a  pipe  or  alternating  current  flow 
through  a  wire  which  takes  place  distributed  over  a  cross  section  area. 
The  distribution  over  the  cross  section  of  quantities  characterizing 
the  phenomena  such  as  velocity  of  flow  and  density  of  current  follows 
some  definite  law  over  almost  the  entire  cross  section.  The  exception 
is  a  very  thin  boundary  region  of  the  cross  section  in  which  the  dis¬ 
tribution  of  the  characteristic  quantities  quite  suddenly  changes  to 
an  entirely  different  law.  In  the  example  of  fluid  flow  through  a 
pipe,  the  variation  of  the  flow  velocity  is  shown  in  Fig,  1,  It  is 
practically  constant  throughout  the  cross  section,  except  in  the 
boundary  layer,  where  it  rapidly  drops  down  to  zero  due  to  frictional 
(viscous)  adhesion  of  the  fluid  to  che  wall  of  the  pipe.  In  the 
example  of  a  high  frequency  alternating  current  the  distribution  of 
the  current  density  is  shown  in  Fig,  2.  The  current  density  is  zero 
throughout  almost  the  entire  cross  section,  except  in  the  boundary 
layer  (the  "skin”)  which  alone  carries  the  (almost)  entire  current. 

No  boundary  layer  phenomena  have  been  known  in  the  theory 
of  elasticity  (in  elastostatics)  up  to  now.  In  elastodynamics,  surface 
waves  have  been  known  since  the  time  of  Rayleigh.  Considering  elasto¬ 
statics,  we  have,  since  1962,  a  fundamental  change  of  all  aspects  as 
seen  in  the  paper  by  Professor  R,  D,  Mindlin  of  Columbia  University 
under  the  title  "Influence  of  Couple-Stresses  on  Stress  Concentrations." 
The  new  element  introduced  into  elasticity  are  couple-stresses,  and 
Professor  Mindlin's  paper  contains  far  reaching  theoretical  and  prac- 
tical  results.  In  the  present  paper  the  consideration  of  couple- 
stresses  leads  to  the  detection  of  boundary  layers  in  elasticity.  The 
elastic  body  appears  wrapped  up  in  a  very  thin  skin  displaying  a 
formerly  unheard  of  behavior  with  respect  to  stress  distribution  and 
deformation. 
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STATEMENT  OF  THE  PROBLEM:  The  characteristic  innovati  ms 
which  couple- stresses  bring  to  the  mathenatical  theory  of  elasticity 
can  be  shown  within  the  subject  of  plane  strain,  tfe  will  limit  our 
exposition  of  couple-stress  theory  to  plane  strain.  Our  aim  is  a 
comparison  of  results  given  by  classical  plane  strain  theory  with 
results  given  by  couple-stress  theory.  In  a  narrower  sense,  the  aim 
is  given  by  the  title  of  this  paper:  detection  of  boundary  layers  in 
elasticity  and  stiffening  of  thin  layers  in  shear. 

THE  INCOMPLETE  SYSTEM  OF  8  EQUATIONS  IN  9  UNKNOWNS  CO^f^ON  TO 

CLASSICAL  ELASTICITY  AND  COUPLE-STRESS  ELASTICITY:  Before  the 
classical  and  couple-stress  theories  diverge  they  establish  a  common 
ground  of  8  equatio..s  in  9  unknowns.  Since  such  a  system  is  incomplete, 
it  will  require  a  completion,  and  th„s  is  where  the  couple-stress  theory 
differs  from  classical  elasticity.  In  the  classical  theory,  the  com¬ 
pletion  leads  to  a  9  by  9  system,  in  the  couple-stress  theory  it  leads 
to  a  12  by  12  system.  The  completions  are  incompatible  and  mutually 
exclusive,  which  entitles  the  couple-stress  theory  to  the  rank  of  an 
essential  modification  of  elasticity  theory,  not  just  an  additional 
development. 


The  common  ground  of  both  theories  described  by  means  of 
a  Cartesian  system  x,  y  is  as  follows:  it  begins  with  the  concept  of 
the  displacements  u  «  u(x,y)  and  v  •  v(x,y)  from  which  issue  the 
following  concepts  and  equations: 

The  3  strain  components  £x,€y,  Txy,  defined  by 


-  au  c  -  +  — 

(1)  (2)  (3) 

The  4  stress  components  G'x.<5'y,'Txy, 'Tyx,  connected 
components  by  3  stress-strain  relations 

with  the  strain 

2G(€x  =  (5^x 

(4) 

2ft €3  =  (5,  -  v'Cff,  +  0’i() 

(5) 

2C(Tjf3—  7»r^  +  'Tijji 

(6) 
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The  stress  components  must  equilibrate.  The  equilibration  equations 
read 


(7) 

(8) 


Eqs.  (l)-(8)  form  a  system  of  8  equations  in  9  unknowns 

U,  V',  Cx  ,  ey  ,  rxy  j  (Tx  ,  <5”^  i  Txy  ,  Tyx  (9) 

coiranon  to  classical  elasticity  and  to  couple  stress  theory.  The 
different  meanings  of 'T xy  and  T yx  are  shown  in  Fig.  3.  The  notation 
defines  as  the  shearing  stress  in  the  direction  jd  on  a  face  whose 

outer  normal  is  in  the  direction  0^  , 

C‘>1PLETI0N  OF  THE  SYSTEM  IN  CLASSICAL  ELASTICITY:  The  system 
is  completed  by  the  equation  of  equilibrium  with  respect  to  rotation 
in  the  xy-plane: 

Txvj  =  Tyx  (10) 

The  completed  system  consists  of  9  Eqs.(l)>(8)  and  (10)  for  the  9  un¬ 
knowns  cited  in  (9) . 


DEVELOPMENT  OF  PLANE  STRAIN  THEORY  IN  CLASSICAL  ELASTICITY: 

The  analytic  development  of  the  classical  9  by  9  system  leads  to  the 
following  result;  the  9  by  9  system  is  reducible  to  a  single  equation 


“  O 


(11) 


for  a  single  function  .  4)  (x,y)  called  the  stress  function.  All 
quantities  mentioned  in  (9)  are  derivable  from  the  stress  function  as 
follows:  The  stresses  are  given  by  the  partial  derivatives 

^  •»  =  Tyx  =  - 

the  strains  follow  from  the  stress-strain  relations  Eqs.(4)-(6).  The 
displacements  are  obtained  from  Eqs.  (l)''(3).by  integration.  We  note 
that  is  a  potential  function  on  account  of  Eq.  (11).  We 

determine  by  integration  a  pair  of  conjugate  potential  function  H 
and  A  connected  to  by  the  Cauchy-Riemann  equations 


299 


SADOWSKY.  HSU,  and  HUSSAIN 


iii  =  iir  = 

c)x  c)y 


potential  function  conjugate  to 


C13) 

(14) 


The  displacements  are  given  by 

2C<u  =  -  4>x 

2&V  =  (i-v)^  -  4)y 


(IS) 


The  detennination  of  a  specific  ^  from  Eq.  (11)  depends  on  boundary 
conditions. 


COMPLETION  OF  THf.  SYSTEM  IN  COUPLE-STRESS  THEORY:  Three  new 
unknowns  CJ^,  fly  are  introduced.  This  extends  the  set  (9)  of 

unknowns  to  12: 


Uj  Vj  6x  >  1  i  Ox  »  Oy  *  7u^  i  COz  )  fit  j  (16) 


C^z 


is  the  rotation  of  the  element  defined  by 


«  f  c)v  _  <)ii  \ 

■2vax 


(17) 


and  are  couple-stresses  (Fig.  4).  There  are  two  equations 

of  stress-strain  relations  type  involving  COz*  fix*  My' 


X  3a)x 


(18) 


^  4G(1  (19) 

The  quantity  appearing  here  is  the  third  (third  independent) 
constant  of  elasticity  (Mindlin*s  couple  stress  constant).  The 
equation  of  equilibrium  with  respect  to  rotation  in  the  xy-plane  is 


ax 


ay 


+  -  T^x  —  o 


(20) 
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The  12  equations  (l)-(t)»  (l/)o(20)  constitute  a  complete  set  with 
regard  to  the  12  unknowns  (16). 

We  note  that  Eq.  (10)  of  classical  elasticity  and  Eq.  (20)  of 
the  couple-stress  theory  are  incompatible^  which  is  characteristic 
of  an  essential  progress  involved  in  the  couple-stress  theory. 

DEVELOPMENT  OP  PLANE  STRAIN  IN  COUPLE-STRESS  THEORY:  The 
analytic  development  of  the  12  by  12  system  of  the  coi^le-stress 
theory  leads  to  the  result  that  two  stress  functions  ■  <P  (x,y)  and 
'\j/r  •  ‘^(x,y  :  are  needed  from  which  all  of  the  unknowns  (16)  can  be 
derived.  These  stress  functions  are  governed  by  two  Cauchy-Riemann 
equations 

A 

dx 

We  see  that  X*  V*  and  are  conjugate 

potential  functions.  We  consequently  have  individual  equations 

V^(j)  »  O  (22) 

2  ^  4*. 

V  ll/-*©  (23) 

We  note  that  Eq.  (22)  is  identical  with  Eq.  (11)  and  thus 
is  again  a  potential  function.  All  12  quantities  mentioned  in  (16) 
are  derivable  fron  the  stress  functions  as  follows:  the  6  stresses 
and  couple-stresses  are  given  by  partial  derivatives 

S'*  =  -  Vx<i  ^<1  =  Yk, 

Tiij  =  -  <}>xy  -  Y,,  Ti|*  =  -  <t).s  +  V«  (20 

M*  =  Yx  yy 

The  3  strains  follow  from  the  stress-strain  relations  Eqs.  (4)-(6). 
The  rotation  OJ  z  is  given  by 


20-V)i 


(21) 


co% 


■ 


(25) 
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The  displacements  are  given  by 

2Gu. 

(26) 

2&V  = 

in  which  H  and  m  are  defined  by  Eqs.  (13)  and  (14).  The  set  of 
twelve  unknowns  in' (16)  is  thus  expressed  in  terms  of  the  stress 
functions  and  i/r  which  in  turn  are  governed  by  Eqs.  (21). 

BOUNDARY  CONDITIONS  AT  INTERFACE  y  -  const:  Since  a  couple- 
stress  elasticity  solution  depends  on  a  system  of  differential  equa¬ 
tions  (21)  of  order  6  while  in  classical  elasticity  the  only  governing 
equation  (11)  is  of  order  4,  the  number  of  boundary  conditions  at  an 
interface  must  increase  proportionately  from  four  conditions  in  the 
classical  theory  to  six  conditions  in  the  couple  stress-theory.  For 
the  interface  vj s  o  (Fig.  S)  the  classical  conditions  require  the 
continuity  of 


U  .  V'  .  S’y  .  Tyx 

The  couple-stress  theory  requires  the  continuity  of 


lA.  f  ^  j  CaJ X  j  X  ^  (28) 

Since  all  of  the  classical  continuity  conditions  are  preserved 
in  the  couple-stress  theory,  and  two  more  continuity  conditions  are 
added,  it  is  felt  that  the  couple-stress  theory  puts  a  higher  degree  of 
emphasis  on  a  general  preservation  of  continuity  at  interfaces. 

ELASTIC  SEMIPLANE  IN  SHEAR  BONDED  TO  A  RIGID  SEMIPLANE:  Let  us 
etch  a  straight  line  across  the  bonded  semiplanes  prior  to  defoxmation 
(Fig.  6a).  The  classical  solution  for  the  state  of  shear  (Fig.  6b) 
shows  the  line  broken  into  two  halves,  each  half  remaining  straight 
and  both  meeting  at  an  angle  at  the  interface.  The  couple-stress 
theory  solution  (Fig.  6c)  shows  a  smooth  transition  from  the  rigid 
straight  half  to  a  curve  which  approaches  the  line  in  Fig.  6b  asymp¬ 
totically.  The  space  in  which  the  curve  6c  differs  appreciable  from 
the  asymptote  is  the  boundary  layer;  its  thickness  is  about  SI  .  The 
stress-strain  phenomena  at  the  interface  are  most  unusual,  as  illus¬ 
trated  by  the  values 

3  rX4  =  ®  (29) 
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STIFFENING  OF  A  THIN  UYER  IN  SHEAR:  Imagine  a  thin  layer  bonded 
to  two  rigid  plates  which  transmit  a  shearing  stress  Tyx  to  the  layer. 

In  classical  elasticity  the  etched  line  will  remain  straight  and  turn 
as  shown  in  Fig.  7a.  In  couple-stress  theory »  since  Yxy  *  0  •t  both 
interfaces,  the  turning  will  develop  but  gradually  in  the  upper  and 
lower  boundary  layers,  reaching  the  value  Yxy  "  ^yx/G  in  the  middle 
space  between  both  boundary  layers.  But  if  tne  layer  is  as  thin  as 
in  Fig.  7c,  there  will  be  no  in  between  space  and  the  etched  curve 
is  hardly  different  from  its  original  straight  position.  This  leads 
to  a  strong  reduction  of  the  displaconent  of  the  upper  face  of  the 
layer  relative  to  its  lower  face,  which  without  the  knowledge  of 
couple-stress  theory  may  be  misinterpreted  as  a  stiffening  of  the 
shearing  modulus  G  of  the  material  to  a  high  multiple  when  the 
material  comes  in  very  thin  layers  (loj  thickness)  and  is  subject  to 
shear. 
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Figure  1.  Velocity  distribution  in  presence  of  a  boundary  layer 


iCr) 


Figure  2.  Current  density  distribution  in  skin  effect 
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(«)  (b) 

Figure  6.  Bonded  elastic  and  rigid  seniplanes 


507 


SCRANTZ,  BOCSSLETi  WAOUI,  SmO 


nEFAKE,  on 


Mi 


•nd  mODOLL 


0 


m  PURIFICATION  AND  CHARACTERIZATION  OF 
STAPHYTXX:OCCAL  ENTBROTOXIN  B 


EDWARD  J.  SCHANTZ,  WILLIAM  G.  ROESSLER»  JACK  WACMAN,  LEONARD  SPERO, 
DAVID  STEFANYE,  DAVID  A,  DUNNERY,  AND  MERLIN  S.  BERODOLL 
UNITED  STATES  ARMY  BIOLOGICAL  LABORATORIES 
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Sf phylococcua  aurem  producaa  a  varlaty  of  toxic  aub- 
atancaa.  One  of  theae  aubatancea  ia  antarotoxln  B,  which  cauaaa 
ameaia  and  diarrhea  in  experimental  anlmala  very  aimilar  to  that 
cauaed  by  enterotoxin  A,  which  la  uaually  found  in  caaea  of  food 
poiaoning  in  Humana  (1).  Bergdoll,  Sugiyama,  and  Dack  (2)  reported 
the  firat  aignificant  purification  of  thia  toxin,  by  a  combination 
of  acid  precipitation,  adaorptlon  on  alumina,  adaorption  on  ZRC-50, 
and  atarch  electrophoreaia.  Recently  Free,  McCoy  and  Strong  (3) 
effected  a  partial  purification  of  thia  toxin  by  a  combination  of 
alcohol  precipitation,  filtration  on  Sephadex,  and  electrophoreaia 
on  Sephadex*  Only  milligram  quantltiea  of  toxin  were  obtained  by 
theae  methoda*  This  paper  describee  a  method  of  purification  baaad 
on  chromatographic  procedures  employing  carboxylic  acid  reaina  that 
results  in  enterotoxin  B  of  higher  purity  and  in  higher  yields  than 
that  obtained  by  the  above  methods.  The  partial  physical  and 
chemical  characterization  of  thia  purified  toxin  shows  that  the  toxin 
is  a  simple  protein  composed  of  a  single  polypeptide  chain  with  a 
molecular  weight  of  approximately  35,000. 

METHODS 


The  toxin  was  produced  by  culturing  aureus  strain  S-6 
for  18  hours  with  aeration  in  a  medium  containing  it  N-Z-Amine  A 
(Sheffield  Farms),  1%  Protein  Hydrolysate  Powder  (Meade  Johnson  & 
Co.),  0.001%  thiamin,  and  0.001%  nicotinic  acid  adjusted  to  pH  6.5. 
The  fermented  culture  usually  contained  between  0.1  and  0.2  mg  of 
toxin  per  ml,  based  on  Oudin  tests.  The  toxin  constituted  0*5  to  1% 
of  the  total  organic  solids  in  the  culture.  The  culture  was  passed 
through  a  Sharpies  centrifuge  to  remove  the  bulk  of  the  cells.  The 
carboxylic  acid  exchange  resin,  used  for  the  first  and  second  steps 
in  the  purification,  was  Amberlite  CG-50,  100-200  mesh  (Rohm  and 
Haas  Co.).  This  resin  was  exchanged  with  sodium  at  least  once  and 
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partly  neutralized  as  specified  In  the  purification  procedure  by  sus¬ 
pending  the  resin  In  3  to  4  volumes  of  0.05  M  monosodium  phosphate 
and  titrating  to  the  desired  pH  with  sodium  hydroxide.  Before  use 
the  partially  neutralized  resin  was  washed  thoroughly  with  water  to 
remove  the  buffer.  The  carboxymethyl  cellulose  (CM)  (Carl  Schleicher 
and  Schuell  Co.),  used  In  the  final  step  In  the  purification,  was 
Selectacel  Ion  Exchange  Cellulose,  Mo.  77,  Type  20.  It  was  used  as 
purchased  after  washing  thoroughly  with  water.  The  linear  gradient 
buffer  system  used  to  elute  the  toxin  from  the  carboxymethyl  cellu¬ 
lose  was  patterned  after  that  described  by  Mikes  (4) .  Assays  for  the 
toxin  were  carried  out  by  a  modification  of  the  Oudln  serological 
technique  (5).  In  this  technique,  the  rate  of  diffusion  of  the  toxin 
Into  a  tube  of  agar  gel  containing  antisera  to  the  purified  toxin 
serves  as  a  measure  of  the  toxin  concentration  (6) .  These  assays 
require  24  to  72  hours  for  completion,  but  are  serologically  specific 
for  the  toxic  protein  and  served  as  a  reasonably  accurate  means  for 
a  quantitative  determination  of  the  toxin  throughout  the  purification 
procedure.  The  results  are  expressed  as  mg  of  toxin  per  ml  or,  with 
the  Kjeldahl  nitrogen  value,  as  mg  of  toxin  per  mg  of  nitrogen. 
Theoretically,  when  the  Oudln  assay  shows  6.25  mg  of  toxin  per  mg  of 
nitrogen,  the  toxin  is  pure.  However,  the  variability  of  the  Oudln 
test  Is  -tlO?.  and  additional  tests  were  necessary  to  measure  small 
amounts  of  impurities.  Ouchterlony  tests  (7),  employing  antisera 
from  crude  toxin  preparations  in  the  agar  gel,  were  used  for  this 
purpose.  Although  the  serological  tests  (Oudln  and  Ouchterlony)  do 
not  measure  toxicity  per  se.  they  correlated  well  with  toxicity  tests 
in  monkeys.  The  absorbance  et  277  m|i  was  used  also  as  a  rapid  but 
nonspecific  assay  to  follow  the  proteins  through  the  chromatographic 
fractionations.  These  measurements  were  made  with  a  Model  DU  Beckman 
spectrophotometer.  The  results  are  expressed  as  mg  of  protein  per  ml, 
using  an  extinction  value  of  1.3  for  1  mg  per  ml  at  277  m^  In  a  1-cm 
cell.  The  absorbance  could  not  be  used  as  a  measure  of  purity  be¬ 
cause  the  contaminating  proteins  contributed  to  the  absorbance  along 
with  the  toxin.  Final  preparations  of  the  toxin  were  assayed  by 
Intravenous  Injection  or  feeding  to  rhesus  monkeys  to  obtain  the 
specific  biological  activity  characterized  by  emesis  or  diarrhea.  In 
conducting  this  research  the  animals  were  maintained  In  compliance 
with  the  principles  established  by  the  National  Society  for  Medical 
Research  (8) . 

Sedimentation  studies  were  carried  out  on  a  Model  E  Splnco 
ultracentrifuge.  Amino  acid  analyses  were  carried  out  on  a  Phoenix 
Amino  Acid  Analyzer  by  the  method  of  Spackman,  Stein,  and  Moore  (9). 
Terminal  amino  acids  were  determined  by  N-dlnltrophenylatlon  with 
2,4-dinitrofltiorobenzene  followed  by  acid  hydrolysis  for  the  N- 
termlnal  acl'.;  (10)  and  hydrazlnolysls  followed  by  treatment  with 
benzaldehyde  and  identification  on  the  automatic  amino  acid  analyzer 
for  the  C-l3rminal  acid  (11), 
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PURIPICATIOM  PROCEDURE 

The  mechod  of  purification  is  outlined  in  Figure  1  and 
involves  the  following  steps: 

Step  1.  The  centrifuged  culture  containing  up  to  0.2  mg  of 
toxin  per  ml  with  an  Oudin  assay  value  of  0.04  mg  toxin  per  mg  of 
nitrogen  was  diluted  with  two  volumes  of  water  and  the  pH  adjusted  to 
6.4.  The  toxin  was  removed  from  the  diluted  culture  with  CG-SO  resin 
partly  neutralized  to  pH  6.4  by  stirring  for  about  30  minutes  at 
room  temperature.  Two  grams  of  this  resin  were  sufficient  to  remove 
the  toxin  from  one  liter  of  diluted  culture.  Usually  about  50  liters 
of  diluted  culture,  or < sufficient  culture  to  isolate  one  gram  of 
purified  toxin,  were  processed  at  one  time.  The  resin  containing  the 
toxin  and  impurities  was  filtered  into  a  column  (about  3  x  30  cm  for 
resin  from  50  liters),  washed  with  one  coluom  volume  of  water,  and 
the  toxin  fractionally  eluted  with  0.5  M  sodium  phosphate  at  pH  6.8 
in  0.25  M  sodium  chloride.  The  fractions  containing  the  peak  of 
protein  material  were  selected  on  the  basis  of  the  absorbance  at 
277  m^  and  more  precisely  selected  on  the  basis  of  Oudin  tests  and 
pooled.  At  this  point  the  pooled  fractions  amounted  to  about  one 
per  cent  of  the  culture  volume;  the  Oudin  test  showed  about  4.5  mg  of 
toxin  per  mg  of  nitrogen,  and  the  yield  was  70  to  80%. 

Step  2.  The  pool  of  fractions  from  Step  1  was  dialyzed  to 
remove  the  salts  and  the  toxin  was  readsorbed  on  a  column  of  GG-50; 
this  time  the  GG-50  was  partially  neutralized  at  pH  6.8.  Twenty 
grams  of  resin  were  used  per  gram  of  protein  (column  about  3  x  30  cm 
for  20  g  resin) .  The  partial  neutralization  of  the  resin  at  a  higher 
pH  reduced  the  adsorption  of  the  impurities  but  still  allowed  complete 
adsorption  of  the  toxin.  Thus,  the  bulk  of  the  impurities  passed 
through  the  resin.  After  the  resin  was  washed  with  water  the  toxin 
was  fractionally  eluted  with  0.15  M  disodium  phosphate,  and  the 
fractions  containing  the  peak  of  toxin  with  an  Oudin  value  of  about 
5  mg  of  toxin  per  mg  of  nitrogen  or  more  were  selected  and  pooled  for 
further  purification.  At  this  point  the  pooled  fractions  showed  an 
Oudin  value  between  5.5  and  6  with  a  purity  of  85  to  90%.  The  yield 
was  65  to  70%. 

Step  3.  The  combined  fractions  from  step  2  were  dialyzed 
to  bring  the  salt  below  0.01  M  and  the  toxin  was  adsorbed  and 
chromatographed  on  a  column  of  carboxymethyl  cellulose.  Twenty 
grams  of  this  resin  were  used  per  gram  of  protein  as  measured  by 
absorbance  at  277  mfi.  A  linear  gradient  phosphate  buffer  from  0.02 
to  0.07  M,  pH  6.8,  was  passed  through  the  column  at  a  rate  of  0.3  ml 
per  minute  per  square  cm  of  area  on  the  column.  The  purified  toxin 
usually  came  off  In  the  fractions  between  0.035  and  0.045  M,  but  the 
exact  peak  was  located  by  measuring  the  absorbance  at  277  m|i  and  more 
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accurately  evaluated  with  Oudln  tests.  The  fractions  that  had  Oudln 
values  of  6,2  or  greater  per  mg  of  nitrogen  and  that  showed  only  a 
single  antigen-antibody  line  in  the  Ouchterlony  tests  at  a  level  of 
0.5  mg  of  toxin  per  ml  were  selected  as  the  purified  toxin.  These 
fractions  were  pooled,  dialyzed  to  remove  most  of  the  buffer  salts, 
centrifuged  to  remove  any  insoluble  material,  and  freeze-dried.  The 
over-all  yield  of  toxin  in  the  purified  state  usually  amounted  to  50 
to  60%  based  on  the  Oudln  assay  of  the  original  culture. 

PHYSICAL  AND  CHEMICAL  CHARACTERIZATION 

Table  I  shows  some  of  the  chemical  and  physical  properties 
of  the  purified  toxin.  The  freeze-dried  protein  is  a  snow-white 
fluffy  powder  that  is  very  soluble  in  water  and  salt  solutions.  The 
dry  protein  also  hydrates  readily  when  exposed  to  an  atmosphere  with 
a  relative  humidity  of  30%  or  more.  Tests  for  carbohydrate,  lipid, 
and  nucleic  acids  were  negative.  Tests  for  a  and  3  lysins,  apyrase, 
and  dermonecrotic  substances,  normally  found  in  the  culture,  were 
negative  in  the  purified  preparation.  The  KJeldahl  nitrogen  content 
of  the  protein  (free  of  buffer  salts)  is  16.1%. 

In  velocity  ultracentrifugation,  solutions  of  the  purified 
enterotoxin  exhibit  only  a  single  symmetrical,  sedimenting  boundary 
as  Illustrated  by  the  representative  schlieren  curves  shown  in 
Figure  2.  Analyses  of  boundary  spreading  and  of  enterotoxin  distri¬ 
bution  at  sedimentation  equilibrium  show  that  the  purified  material 
possesses  a  high  degree  of  homogeneity  with  respect  to  both  molecular 
weight  and  density.  Its  partial  specific  volume  (0.743)  and  infrared 
spectral  absorption  are  typical  of  simple  proteins.  The  molecular 
weight  of  35,300  obtained  by  sedimentation-diffusion  is  in  good  agree¬ 
ment  with  results  by  approach-to-equillbrium  sedimentation.  Stability 
in  sedimentation  behavior  was  observed  over  the  pH  range  5  to  10. 

Electrophoretic  studies  showed  the  toxin  preparation  to  be 
a  single  component  with  an  isoelectric  point  at  about  pH  8.6. 
Deionization  of  a  solution  of  the  toxin  on  a  column  of  mixed  bed 
resin,  M31,  showed  an  Isolonic  point  at  pH  8.55.  The  toxin  has  a 
maximum  absorption  at  277  m^  with  an  extinction  (E,  1%,  1  cm)  of  14. 
The  ratio  of  the  absorption  at  260  m^x  to  that  at  277  m^i  was  0.47, 
which  confirms  other  tests  showing  that  very  little  if  any  nucleic 
acid  material  is  present  in  the  preparation. 

The  amino  acid  analysis  of  the  toxin  is  given  in  Table  II. 
The  molecule  is  composed  of  18  different  amino  acids.  No  cysteine 
was  found,  but  2  half-cystine  residues  are  present.  High  percentages 
of  aspartic  acid  and  lysine  are  indicated  but,  compared  with  most 
proteins,  the  composition  of  the  toxin  is  not  unusual.  The  recovery 
of  the  amino  acid  residues  amounted  to  102%  and  the  nitrogen  cal¬ 
culated  from  these  residues  in  addition  to  the  amide  nitrogen  amounted 
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to  103%.  Also,  the  sulfur  In  the  methionine  and  half-cystine 
residues  amounted  to  about  102%  of  the  total  sulfur  determined  by 
the  Parr  bomb  technique.  The  complete  accountability  (within  ex¬ 
perimental  error)  of  the  total  nitrogen  and  sulfur  shows  that  the 
toxin  is  composed  of  amino  acids  only  and  therefore  is  classed  as  a 
simple  protein.  The  total  of  the  free  acid  groups  in  the  aspartic 
and  glutamic  acid  residues  is  much  greater  than  that  of  the  free 
basic  groups  of  lysine,  arginine,  and  histidine,  which  indicates  that 
the  toxin  should  have  an  isoelectric  point  on  the  acid  side  of  the 
pH  range.  The  30  amide  groups  forming  asparagine  or  glutamine  account 
for  the  alkaline  Isoelectric  point  at  about  pH  8.6. 

The  N-terminal  amino  acid  is  glutamic  acid  and  the  C-ter- 
minal  acid  is  lysine.  Quantitative  ectimation  of  the  terminal  acids 
showed  1.1  residues  of  glutamic  acid  per  mole  of  protein  for  the 
N-termlnal  acid  and  0.73  residues  of  lysine  per  mole  of  protein  for 
the  C-terminal  add.  These  values  are  within  experimental  error, 
under  the  circumstances  of  the  experiments,  for  one  mole  of  each 
terminal  acid  and  are  consistent  with  the  representation  of  Che 
primary  structure  of  Che  toxin  as  a  single  polypeptide  chain.  No 
other  amino  acids  were  indicated  in  the  analyses  for  the  terminal 
acids,  which  lends  support  to  the  physical  evidence  on  the  high 
degree  of  purity  of  the  toxin  preparation. 

This  protein  is  unusual  in  many  respects.  The  biological 
activity  characterised  by  emesis  or  diarrhea  is  stable  to  heating  at 
100*C  for  10  minutes  without  appreciable  loss  in  activity.  Under 
these  conditions  the  toxin  is  precipitated  from  the  solution,  but 
when  this  precipitate  is  redlssolved  by  cooling  and  raising  the  pH 
of  the  solution,  practically  all  of  the  original  Oudin  activity  and 
sickness -producing  properties  in  monkeys  are  recovered.  The  toxin 
is  quite  stable  over  a  pH  range  of  4  to  10  at  room  temperature.  The 
biological  activity  is  refractory  to  the  action  of  various  ensymes 
such  as  trypsin,  pepsin,  chymotrypsin,  and  papain. 

BIOLOGICAL  EVALUATION 


Serological  studies  on  the  purified  toxin  using  Oudin  and 
Ouchterlony  techniques  also  Indicate  a  high  degree  of  homogeneity  or 
purity.  When  the  toxin  was  employed  as  an  antigen  at  concentrations 
of  0.5  mg  or  less  per  ml  and  allowed  to  diffuse  into  agar  gel 
(Ouchterlony  technique)  containing  antisera  against  crude  preparations 
of  the  toxin,  only  a  single  line  of  antigen -antibody  formed.  However, 
by  using  very  high  concentrations  of  the  toxin  (up  to  15  mg/ml) in 
these  tests,  one  or  two  faint  lines  appeared,  indicating  that  small 
amounts  of  impurity  might  be  present.  These  lines  disappeared 
completely  on  a  32-fold  dilution  of  the  toxin  solution,  but  the  entero- 
toxin  line  did  not  disappear  until  it  had  been  diluted  more  than 
8000-fold.  If  a  minor  antigen  is  present  as  an  impurity,  these  data 
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indicate  that  it  constitutes  less  than  one  per  cent  of  the  preparation. 
It  is  possible  that  the  faint  lines  are  artifacts  and  not  impurities. 
They  are  not  eliminated  from  the  toxin  by  further  chromatography  on 
carboxymethyl  cellulose.  Also,  when  the  toxin  was  tested  by  the  slide 
Immunoelectrophoresis  technique,  using  rabbit,  burro,  or  horse  sera, 
only  the  one  line,  due  to  the  enterotoxln,  was  formed.  The  toxin 
therefore  is  considered  to  have  a  purity  of  99%  or  more. 

When  the  toxin  was  tested  In  rhesus  monkeys,  emesis  or  diarrhea 
was  produced  in  50%  of  the  animals  (effective  dose,  EDsg)  at  an 
Intravenous  dose  of  0.1  to  0.3  ^g  per  kg  of  monkey  weight  and  at  an 
oral  dose  of  1  ^g  per  kg. 


COMCLUSIOHS 


In  conclusion,  a  chromatographic  method  has  been  developed 
for  the  isolation  of  enterotoxln  B  from  aureus  cultures.  Physical, 
chemical,  and  biological  studies  show  that  the  toxin  isolated  by  the 
chromatographic  method  is  very  pure  and  is  a  simple  protein  consisting 
of  a  single  peptide  chain  with  a  molecular  weight  of  approximately 
35,000.  Many  grams  of  the  purified  enterotoxln  have  been  prepared 
and  this  supply  has  allowed  an  extensive  research  program  to  be 
carried  out  on  the  characterisation  and cbtermination  of  the  structure 
of  this  protein  as  well  as  investigations  on  the  biological  effects 
of  the  toxin  in  host  animals. 
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TABLE  I 

SOME  PROPERTIES  OP  PURIFIED  ENTEROIOXIM  B 


Appearance 

Solubility 

Type  of  protein 


Nitrogen  content 

Sedimentation  coefficient 

^•*20* 

Diffusion  coefficient 
Partial  specific  volume 


Molecular  weight 
Electrophoresis  (free) 


Isoelectric  point 
Extinction 
Toxicity,  ED^q 


Purity 


White  fluffy  powder 

Very  soluble  In  water  and 
salt  solutions 

Simple  (contains  simple  amino 
acids  only) 

16.  IX 

2.89  S  (Single  component) 

7,72  X  lO”^  cm^  sec"^ 

0.743 

35,300 

Single  component 
About  8.6 
14 

0.1  to  0.3  ^g/kg  (rhesus 
monkey,  IV) 

'>991 
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TABLE  II 

AMIMO  ACID  COMPOSITIOM  OF  STAPHYLOCOCCAL  ENTBROIDXIN  B 


Amino  acid 

Amino  acid  residues 
per  100  g  of  protein 

Residues  per  molecule 
to  nearest  integer 

grams 

Alanine 

1.36 

7 

^^lide  groups 

30 

Arginine 

2.84 

6 

Aspartic  acid 

18.33 

56 

Cysteine 

0.00 

0 

Ha  If -cystine 

0.59 

2 

Glutamic  acid 

9.60 

26 

Glycine 

1.91 

12 

Histidine 

2.54 

7 

Isoleucine 

3.49 

11 

Leucine 

6.44 

20 

Lysine 

17.25 

47 

Methionine 

3.09 

8 

Phenylalanine 

5.93 

14 

Pro line 

2.22 

8 

Serine 

4.15 

17 

Threonine 

4.56 

16 

Tryptophan 

0.71 

1 

Tyrosine 

10.82 

23 

Valine 

6.10 

22 
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FIGURE  1 


SCHEME  FOR  THE  PURIFICATION  OF  ENTEROTOXIN  B 


Centrifuged  culture  (0. 1-0*2  mg  toxln/ml) 
diluted  with  2  vol.  water  and  adj.  to  pH  6.4. 
Stirred  with  CO-50  partially  neutrallaed  at  pH 
6*4;  (2  g/llter  cultura;  30  min). 

Realn  with  toxin  and  Impurltlea. 

Toxin  elutad  with  0.5  M  phosphate 
buffer  pH  6.8  In  0.25  M  NaCl. 

:  i 

Eluate  dialysed  and  toxin  adsorbed  on  column 
of  CG-50  partially  neutralised  at  pH  6.8 
(20  g  resln/g  protein). 


Supernatant 

discarded. 


Toxin  (Purity  80-90%)  on  resin.  Fractionally* 
eluted  with  0.15  H  Na2HPO^. 


Filtrate 

discarded. 


Best  fractions  dialysed  and  adsorbed  and 
chromatographed  on  column  of  CM  (20  g 
CM/g  protein) . 

Toxin  on  CM  fractionally  eluted  with  gradient 
phosphate  buffer  0.02  to  0.07  pH  6.8. 

High  potency  fractions  usually  eluted  0,035 
to  0.045  Hi  pooled,  dialysed,  centrifuged, 
and  freese-drled;  purity  >99%;  yield  50  to 
60%. 


Filtrate 

discarded. 
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FIGURE  2.  Photograph  of  schlleran  sadlmanta- 
tion  curves  of  two  Independently  purified  pre¬ 
parations  of  enterotoxin  B.  Concentration; 

10  mg/ml  in  0.05  H  phosphate  buffer,  pH  6.8. 
Photograph  taken  128  minutes  after  reaching  full 
speed,  59,780  r.p.m.  Sedimentation  from  left  to 
right;  temperature  20”C;  schlieren  angle, 

60  degrees. 
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DIRECT  MODULAnOH  OP  A  HB-SE  GAS  lASER 


ERHST  J.  SCHIEL 

U.  S.  ARMY  ELECTRONICS  RESEARCH  &  DEVELOPMENT  LABORATORIES 
FORT  MONMOCTH,  HEW  JERSEY 


Modulation  of  a  laser  beam  can  be  achieved  either  by  pass* 
Ing  the  ll^t  throu^  a  modulator  after  the  ll£^t  has  left  the  laser 
(indirect  modxilatlon)  or  by  changing  one  of  the  operational  para¬ 
meters  of  a  laser  system,  e.g.,  modulating  the  pump  (direct  modula¬ 
tion).  The  He- He  gas  laser  lends  Itself  very  easily  to  a  direct 
aaplltiide  modulation.  When  the  discharge  In  the  He-Ne  gas  mixture 
is  excited  by  an  RF  field,  and  the  aaplltude  of  the  field  modulated, 
the  stimulated  emission  of  the  laser  vlU  also  be  modulated. 

Two  different  types  of  He-He  gas  lasers  were  employed  in  our 
experiments.  The  first  set  of  measurements  vm)  taken  with  a  laser 
with  confocal  mirror  configuration  emitting  In  the  near  Infrared  at 
11,53QA.  The  bore  diameter  of  the  discharge  tube  is  10  am  and  the 
partial  pressure  of  He  1  mm  Hg  azid  that  of  He  0.1  nm  Eg.  A  Johnson 
Viking  Valient  transmitter  provided  the  RF  power  to  puaip  the  laser. 

The  power  is  capacitively  coupled  into  the  gas  by  an  electrode  in 
the  middle  of  the  discharge  tube;  two  electrodes  at  grotind  potentleil 
are  located  near  the  two  ends  of  the  tube.  The  Tmurimim  achievable 
power  output  of  the  laser  requires  a  pomp  power  euround  ^0  v.  laser 
power  output  and  the  length  of  the  plasma  column  In  which  amplifica¬ 
tion  occurs  vs  the  pump  power  are  shown  In  Fig.  1.  Punp  power  thres¬ 
hold  for  stimulated  eailsslon  of  radiation  Is  17  per  cent  of  the  pui^p 
power  for  maximum  output;  the  length  of  the  plasma  column  Is  3^  cm 
at  this  point.  B!>'  modulating  the  pusp  power  between  threshold  aid 
maximum,  100  per  cent  anplltude  modulation  can  be  achieved.  Since  the 
Johnson  Viking  Valient  transmitter  permits  the  modulation  of  the  RF 
only  In  the  audio  frequency  reuige,  our  experiments  were  limited  to 
this  range.  The  light  was  filtered  by  a  Schott  RG  10  and  a  Tlffen 
Hr.  025  filter  in  order  to  suppress  the  background  radiation  of  other 
than  the  lasing  He  lines.  Silicon  and  germanium  photodiodes  were 
used  as  detectom  and  the  beam  pattern  was  visually  observed  at  an 
RCA  691^  image  converter  tube.  The  second  set  of  measurements  was 
taken  with  a  Spectra- Physics  (Hcdel  112)  laser  with  hemispherical 
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■irror  ammgeMmt  onitting  la  ▼iai.'bl<9  pMrt  of  the  epectrun  at 
6326a.  ^e  bore  dlaaeter  of  the  dlachurge  tube  !■  6  aa  and  the 
partial  ptrecaure  of  the  0.5  ■■  Hg  and  that  of  the  Be  0.1  sb  Hg.  The 
aaae  pwpiag  technlfoea  vere  used  aa  for  the  infrared  laser.  Silicon 
photodiodes  and  an  RCA  7102  photoonltlpUer  vere  used  as  detectors, 
the  signal  vas  recorded  on  a  5^^  Tektronix  osclUoecope. 

For  fttodulation  experlaeats  the  poqp  pover  vas  adjusted  to 
a  certain  carrier  level  (bias)  and  then  a  modulation  of  1  kc  vas  put 
on  it.  A  coBvletely  sinusoidal  light  modulation  resulted  If  only  a 
small  percentage  of  pusp  power  vas  modulated  (Fig.  2(a)).  However, 
if  the  modulation  of  the  xmmip  vas  increased  b^ond  a  unique  level 
dependexrt  upon  the  bias,  clipping  began.  A  specific  combination  of 
bias  and  modulation  gave  a  certain  maximum  instantaneous  power  level 
and  a  minlanm  instantaneous  power  level.  At  too  high  a  maxlsBas  in¬ 
stantaneous  power  level,  \qpper  clipping  occurred  (Fig.  2(b)).  At  too 
low  a  mini  mum  Instantaneous  power  level,  lover  clipping  occurred 
(Fig.  2(c))  since  the  length  of  the  plasma  column  dropped  below 
tbreshold.  It  is  interesting  to  notice  that  lover  clipping  baa  never 
been  observed  to  be  '"flat,"  vhlle  uQpper  clipping  Is  alvays  "flat." 

In  Fig.  3  the  amplitude  of  the  photodetector  response  aa  a  function 
of  the  percentage  of  puqp  -power  modulation  for  several  bias  levels 
has  been  given;  tb«  dotted  line  Indicates  the  division  between  un¬ 
dipped  (sinusoidal)  and  clipped  photodetector  response,  since  satura¬ 
tion  limits  the  pover  output  of  the  laser. 

The  dependence  of  the  amplitude  of  the  modulated  light 
emitted  by  a  gas  laser  on  the  modulation  frequency  reveals  not  only 
information  about  the  frequency  limitations  of  the  direct  modulator 
concept,  but  also  Indicates  a  bottleneck  In  the  generation  of  ex¬ 
cited  Beon  energy  states  vhlch  limits  the  power  output  of  a  Be-Be 
gas  laser.  Sxperiments  on  frequency  dependence  vere  .sonducted  In 
the  following  manner.  The  ncdulation  of  the  BF  vas  adjusted  at  a 
low  frequency  so  that  a  large  sinusoidal  modulation  of  the  lights 
without  clipping  resulted.  Keeping  the  RF  pover  and  modulation  level 
constant  the  modulation  frequency  vas  Increased  and  the  corresponding 
light  output  observed.  The  results  of  these  experiments  are  shown  in 
Fig.  4. 


to  7  kc/sec  the  amplitude  of  the  modulated  light  of 
both  lasers  stsys  at  a  constant  level,  then  the  amplitude  decays  with 
increasing  frequency.  The  decay  of  the  infrared  laser  is  much  more 
pronounced  than  that  of  the  red  laser.  The  asysqptotes  of  the  decay 
characteristics  are: 

I  -  Iq  ( '^^  '  )  (infrared  Laser) 

/  o<  X  0*^0^  /  % 

^  (“771 — )  Laser) 

e  u)  3 

o<  -  27F  11.1  *  10  . 
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eo^parison  th«  uvUtul*  vt  trmnimiey  otauftotcristie  for  an  «oc- 
poMBtlally  dooagrliig  slcnal  la  plotted  la  PI4.  U.  Thla  ohumoter- 
latle  foUova: 

1  m'U  — - 

and  the  aay^ptote:  I  ■  I©  ("§”)•  oonataat  ^  ^ 

exponential  decay  haa  been  ehoeen  ao  that  all  the  aayqptotM  wet  at 
the  aaise  frequency  f  «  11.1  he/aee. 

The  oharaeterlatlea  of  both  laaera  foUov  a  "power  Inr" 
decay  oonalderlne  the  abort  UfetlaMa  of  tte  higher  laaer  tranaltlon 
9ean  atatea  (Ba©  for  the  red  and  2ao  for  the  Infrared  laaer)  and 
alao  the  ahort  llfetlw  of  the  texmnal.  atate  of  the  laaer  tranal¬ 
tlon  (2ph  for  bothj^era)  only  the  long  llfetlw  of  the  Ha  wta- 
atablea  (2^  and  2^)  or  the  la  atatea  of  Boon  can  aeeount  for  a 
alow  decay.  The  deatructlon  of  Be  wtaetablea  by  energy  tranafer  to 
Heon  la  directly  dependent  on  the  pertlal  preeatcre  of  Heon  In  the 
ground  atate  and  thla  preaaure  (l.e.,  the  nuaber  of  available  Beona 
In  the  ground  atate)  la  Halted  by  the  dlffualon  Beoo  In  la  atate 
to  the  vail  of  the  dlacharge  tube,  nie  dlffualon  Ikon  la  to  the 
vail  requlrea  a  longer  tlw  for  a  larger  tube  dlaaeter  and  a  gaa 
luer  vlth  a  large  bore  dlaehasrge  tube  vlU,  therefore,  not  follow 
a  high  Bodulatlon  frequency.  FOr  thla  reaaon  the  Infrwed  laaer 
(vhleh  la  the  one  vlth  the  bigger  tube  diawter)  haa  a  aueh  longer 
decay  and  doea  not  follow  at  higher  nodulatlon  frequenelea.  The  red 
gaa  laaer  (vlth  the  awU  tube  dianeter)  foUowa  higher  nodulatlon 
frequenclea  such  bettej*.  The  dependence  of  laaer  operation  on  the 
tube  diawter  la  alao  evident  in  the  relation  for  optlaua  laaer 
gain: 

pD  ■  conatant 

(preaaure  tisua  tube  diawter  la  conatant). 

Bellue-Beon  gaa  laaexv  vlth  a  anall  tube  diawter  (2  w) 
ahould,  therefore,  have  a  ahort  decay  tlw  and  can  follow  a  high 
nodxilatlon  firequency  vlth  reaaonable  nodulatlon  depth  of  the  enltted 
radiation.  The  pooping  proceaa  la  not  directly  linked  to  the  Beon 
dlffualon  proceas  and  It  la  of  little  conaequenee  for  tlw  dependence 
of  light  eniaalon  If  the  laaer  la  pushed  by  an  BF  field  or  by  a 
dlacharge  betveen  electrodea. 

Ualng  thla  nodvilatlon  concept  ve  have  built  an  experianntal 
conaunlcation  ayatem  for  one  audio  channel  by  alw^y  nodulatlng  the 
Valient  aa  It  vaa  originally  deaigned.  The  receiver  conalata  of  the 
aaw  photodlodea  uaed  durli«  the  uqperlwnting  backed  up  vlth  auf- 
flcient  aaopllflcatlon  to  drive  a  apeaker. 
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HYDROGEN  SYSTBi  DEPENDENCE 
ON  DISCHARGE  PARAMETERS 


S.  SCHNEIDER,  J.  E.  CREEDON,  and  N.  L.  YEAMANS 
U.  S.  ARMY  ELECTRONICS  RESEARCH  AND  DEVELOPMENT  LABORATORIES 
PORT  MONMOUTH,  NEW  JERSEY 


The  fundamental  processes  of  electrical  discharges  in  hydro¬ 
gen  are  usually  pressure  dependent,  and  many  of  the  measured  quanti¬ 
ties  are  expressed  as  functions  of  pressure.  Variations  in  hydrogen 
pressure  influence  characteristics,  such  as  voltage  hold-off,  hreah- 
down  time,  arc  drop,  deionization  time,  and  dissipation,  in  hydrogen- 
filled  devices.  In  designing  experiments  or  devices  utilizing  hydro¬ 
gen  as  the  discharge  medium,  the  factors  affecting  the  hydrogen-metal 
system  must  he  considered.  Contrary  to  normal  expectations,  the  heat 
of  the  discharge  does  not  increase  the  observed  gas  pressure  according 
to  the  equations  of  state  for  a  homogenous  medium.  Instead,  as  shown 
in  Fig.  1,  a  ten^xjrary  pressure  decrease  occurs.  The  hydrogen- filled 
diode  has  an  initial  pressure  of  490  microns  Hg.  After  the  filament 
is  turned  on  to  heat  the  electron  source,  the  pressure  rises  in  a  pre¬ 
dictable  manner  as  expressed  by  the  equations  of  state  modified  by 
normal  hydrogen  solubility  in  metal  relations.  When  pressure  stabili¬ 
zation  occurs,  the  discharge  is  turned  on  and  the  pressure  falls  rapid¬ 
ly  and  then  slowly  rises  as  thermal  equilibrium  is  established  between 
the  heat  of  the  discharge  and  the  container.  Upon  extinction  of  the 
discharge,  the  pressvire  quickly  returns  to  its  previous  level.  Remov¬ 
al  of  the  heater  voltage  is  followed  by  a  small  rise  in  pressure  and 
a  slow  decay  to  the  original  cold  pressure.  Kis  small  rise  in  gas 
pressure  is  due  to  well-known  phenomena  common  to  endothermic  hydro- 
gen-metal  systems.  Many  investigators  (l,2,3)  have  studied  these 
phenomena,  and  considerable  infoimation  is  available  on  the  solubili¬ 
ty  of  molecular  hydrogen  in  endothermic  metals  as  a  function  of  tem¬ 
perature.  With  respect  to  the  changes  during  and  after  the  discharge, 
observers  (4,5)  have  noted  that  the  presence  of  ionization  or  the 
dissociation  of  molecular  hydrogen  by  hot  filaments  increases  the 
solubility  of  hydrogen  in  metals.  However,  no  definitive  work  has 
been  done  to  express  the  relationship  between  occlusion  and  discharge 
conditions.  In  1956  (6)  evidence  was  presented  that  the  pressure 
within  high-power,  pulsed,  hydrogen  triodes- varied  dynamically  with 
the  peak  power.  On  the  basis  of  this  observation,  ^  more  detailed 
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Btudy  vas  conducted  to  detemlne  the  relationship  of  the  dynanilc  pres¬ 
sure  change  for  any  discharge  condition  and  to  obtain  an  understanding 
of  the  fundamental  process  Involved.  A  series  of  experiments  were 
conducted  under  a  wide  range  of  conditions  from  narrow  pulses  to  dir¬ 
ect  current.  From  these  experiments,  the  relationship  between  dis¬ 
charge  conditions  and  the  dynamic  pressure  variations  has  been  deter¬ 
mined.  In  addition,  It  has  been  established  that  the  phenomenon  varies 
directly  with  the  production  of  atomic  hydrogen  during  the  discharge. 

In  Paz^  1,  the  fundamental  relationship  is  discussed.  Part 
II  dlscusaea  the  Influence  of  the  physical  state  of  the  nickel  on  the 
dynamic  occlusion  of  hydrogen  dtirlng  a  discharge.  It  deals  with  the 
effects  of  plastic  deformation  and  hydrogen  loading  of  the  metal. 

PART  I  -  RnilMMraTAL  RILAT10B8HZP 

This  part  of  the  paper  discusses  the  relationship  developed 
between  the  discharge  conditions  and  the  quantity  of  gas  dynamically 
occluded  during  the  discharge. 

EXPSRlMiaiTAL  PROCEDURE 

Since  nickel  Is  the  most  commonly  used  tube  metal  because 
of  Its  availability,  high  purity,  ductility,  ease  of  sjpot  welding, 
ease  of  outgasslng,  and  low  cost,  most  experiments  and  devices  util¬ 
ize  it  In  large  qviantltles  for  electrodes  and  shields.  For  these 
reasons  and  because  of  the  availability  of  considerable  Information 
on  Its  properties,  such  as  the  solubility  of  molecular  hydrogen, 
nickel  was  selected  as  the  basic  metal  component  of  the  hydrogen-metal 
system  to  be  studied.  The  primary  type  of  tube  built  for  this  study 
contained  a  hot  electron  source  as  the  cathode  to  eliminate  the  com¬ 
plication  of  anedyzlng  the  effect  of  the  cold-cabhode-arc  mechanism. 

The  tubes  were  constructed  as  shown  in  the  X-ray  (Fig.  2).  The  cath¬ 
ode  is  a  cylindrical  nickel  base,  triple- oxide- coated  structure  in¬ 
directly  heated  by  a  filament.  The  filament  is  completely  shielded 
frcm  the  discheurge  area  by  the  cathode  structure.  There  are  several 
heat  shields  around  the  cathode  to  conserve  heat  and  prevent  deposi¬ 
tion  of  cathode  material  on  the  cylindrical  collector  that  completely 
surrounds  the  cathode  structure  and  shield the  outer  walls  of  the 
container  from  the  discharge.  To  operate  under  conditions  other  than 
those  pexmltted  by  a  diode  structure,  a  molybdenum  electrode  is  incor¬ 
porated  in  the  tube.  Ttie  molybdenum  disk  is  surrounded  by  the  collec¬ 
tor  and  isolated  from  the  cathode  by  a  perforated  disk  and  a  solid 
baffle.  This  permits  use  of  the  device  as  a  trlode.  Each  tube  is 
one-third  of  a  liter  in  volume  and  contains  a  nominal  6^  grams  of 
nickel.  Two  thermocouple  pressure  gauges  monitor  the  pressure  in  the 
tube.  These  gauges  are  mounted  on  a  long  appendage  to  minimize  the 
influence  of  the  discharge  products  and  rf  noise  generated  during 
pulsing. 
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After  proceaelng  and  filling  the  tube  with  hydrogen,  it  vae 
placed  in  the  experimental  setup  shown  schematically  in  Fig.  3.  The 
pressure  %ras  monitored  continuously  on  a  recorder  with  a  response  time 
of  one  second.  A  Bausch  and  I.(«b  i/U  tfeter  Monochraaator  with  a  726^ 
photomultiplier,  S-20  response,  was  used  to  examine  the  spectral  out¬ 
put  as  a  function  of  time  and  operating  conditions.  In  addition,  a 
serond  photomultiplier,  1P21,  S-4  response,  was  used  to  monitor  total 
light  output.  The  voltage  and  current  characteristics  were  viewed 
slfflult  aneou  sly . 

The  experimental  tubes  were  studied  as  diodes  and  triodes 
under  dc  and  pulse  conditions  raxiging  from  0.2$  microsecond  to  12.$ 
microseconds  wide  at  several  pulse  repetition  rates. 

SXPFIOMENTAL  RESULTS 

A  typical  example  of  the  experimental  results  is  shown  in 
Fig.  4,  where  the  maximum  percentage  change  in  pressure  Is  plotted 
as  a  function  of  the  total  discharge  power  dlsalpated  (P^)  in  the 
gas*  P  is  defined  ab  the  initial  pressure  (Pj,)  minus  the  minimum 
operating  pressure.  For  comparative  purposes,  the  i^P  values  were 
noxmalized  by  dividing  by  the  initial  pressure.  The  data  shown  in 
this  figure  were  obtained  with  the  tube  operated  as  a  diode  at  sever¬ 
al  pulse  widths  and  direct  current.  Aqplrically,  the  dependence  of 
Ap/Pj^  on  P^  is  given  by 

A  pyti  -  Sd  (Pd)^  (1) 


where  Sp  directly  relates  to  the  occlusive  capacity  of  a  metal  for 
hydrogen  under  discharge  conditions. 

The  square  -root  dependence  on  total  dissipated  power  was 
observeu  In  all  modes  of  operation  (trlode,  diode,  and  direct  current). 
In  extended  studies  on  several  tubes,  the  functional  relationship  of 
equation  (l)  was  verified  over  a  pressure  range  frcm  100  microns  to 
1000  microns. 

The  total  power  dissipated  per  pulse  is  obtained  by  inte¬ 
grating  the  product  of  the  Instantaneous  value  of  the  voltage  drop 
across  the  tube  [v(t)]  with  the  value  of  the  current  [l(t)]  .  The 
fom  of  the  generalized  integral  is  Illustrated  in  equation  (2) 


v(t)  i(t)  dt  (2) 


where  prr  is  the  pulse  repetition  rate  and  T  is  the  period.  For  the 
wave  forms  shown  in  Fig.  $,  equation  (2)  ceui  be  integrated  by  paries 
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giving 


1*6  «  Pc  +  Ps8  (3) 

vhere  Is  the  power  dissipated  during  the  hreakdown  period  and  Pgg 
Is  the  amount  contributed  during  the  steady- state  Interval.  Dissipa¬ 
tion  resulting  from  the  Inverse  voltage  and  the  recharging  of  the 
energy  storage  system  during  the  interpulse  interval  was  minimized  so 
as  to  eliminate  the  effects  of  ion  bombardment  and  sputtering  on  op¬ 
erating  pressure. 

It  can  readily  be  shown  (?)  that  P^  and  Pgg  are  given  by 

Pc  ■  «py  ib  Vrr  Tetz  (watts)  (4) 

Pfls  “  ^t  ^b  ■‘tp  (watts)  (5) 

\diere  e^y  ■  peak  forward  voltage  in  volts 

^b  *  peak  cxirrent  in  angperes 
prr  «  pulse  repetition  rate  in  pulses  per  second 

vt  «  potential  in  volts  during  the  constant  current 
interval.  The  value  of  v-t  does  not  include  the 
potential  drop  associated  with  the  oxide- cathode* 
coating  resistance. 

tp  a  pulse  width  in  seconds  at  the  ^0  per  cent  value. 

*7^  a  anode  fall  time  constant  in  seconds. 

‘T’  “  circuit  rise  time  constant  in  seconds. 


Except  for  very  short  pulse  widths,  the  steady-state  contribution  is 
generally  much  greater  than  the  breakdown  dissipation  and,  in  the 
case  of  diode  operation,  the  dissipated  power  is  detezmined  almost 
exclusively  by  equation  (5)t  In  both  the  diode  and  dc  cases  the  P^ 
values  are  given  by 

Pd  '  vt  I  (6) 

where  I  is  either  the  average  or  dc  current  in  amperes. 

In  view  of  the  pressui-e  dependence  on  gas  dissipation,  the 
decrease  in  the  operating  pressure  in  the  presence  of  a  discharge 
was  thought  to  be  associated  with  a  heating  of  the  nickel,  which  is 
known  to  be  a  good  endothermic  occluder  (2,3)*  If  a  solubility  phen¬ 
omenon  of  this  type  were  occvu'ring,  then  the  rate  at  ^ich  the  hydro- 
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gen  pressure  changes  would  be  governed  by  Tick's  l:iv  (6).  Flg>  6 
Is  a  typical  analysis  of  the  recordings  of  the  pressxire  dependence  on 
time,  and  the  data  are  presented  In  a  fons  that  Is  related  to  the 
diffusion  laws.  An  exponential  dependence  on  time  Is  observed  both 
with  respect  to  the  rate  at  >dilch  the  gas  enters  the  metal  (left  side 
of  graph)  and  the  rate  at  which  the  gas  diffuses  out  of  the  metal 
(right  side  of  graph).  These  results  are  Indicative  of  diffusion  In 
a  thin  metal,  and,  therefore,  support  a  solubility  mechanism. 


Prior  Investigations  (l)  have  shown  that  the  solubility 
(s)  for  molecular  hydrogen  Is 


s 


(7) 


where  Sq  Is  the  solubility  In  cm^  per  100  grams  of  metal;  P  Is  the 
pressure;  T  Is  the  temperature  of  the  metal  In  and  b  is  a  con¬ 
stant  lAiose  value  Is  related  to  the  heat  of  absorption,  nie  value  of 
n  has  been  fovuid  to  be  equal  to  one-half  for  molecular  gases  such  as 
hydrogen  and  nitrogen. 


Using  known  solubility  data  for  hydrogen  In  nickels  (6)  an 
expression  can  be  derived  for 


82  Vjii  10 

1  “ 

'^total  ^1 

where  Vni  Is  the  volume  of  nickel;  Vtotal  volume  of  tube; 

and  T  are  the  initial  and  final  temperatures  of  the  nickel  in  °K.; 
euid  Pj^  and  P  are  the  initial  and  operating  pressures. 

Equation  (8)  can  be  used  to  determine  the  temperature  of 
the  nickel  required  to  give  the  observed  phenomenon.  For  example, 
using  nominal  values  of  A  P/Pj  **  0.25;  Vui  *  7*3  cm3;  Vtotal  “  333  cm3. 
Pi  =  0.600  mm,  and  Ti  »  375°C,  it  is  predicted  that  the  final  tempera¬ 
ture  of  the  nickel  is  764°C.  Since  the  actual  power  dissipated  in  the 
tube  is  known  to  be  a  smiill  fraction  of  that  required  to  raise  the 
nickel  temperature  to  this  value,  a  straightforward  endothermic  reac¬ 
tion  is  obviously  not  the  dominant  mechanism. 


Earlier,  it  was  mentioned  that  prior  Investigators  had  noted 
an  Increased  cleanup  of  hydrogen  gas  iAxen  atomic  hydrogen  was  produced. 
Since  atomic  hydrogen  is  known  to  be  generated  by  a  discharge.  Its 
dependence  on  discharge  conditions  was  investigated. 


The  relation  of  atomic  hydrogen  to  the  pressure  change  phen¬ 
omena  was  investigated  by  deriving  its  dependence  on  discharge  condi¬ 
tions  and  correlating  the  magnitude  with  ^P/Pj.  Prom  radiation 
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principles,  the  intensity  of  emitted  light  caused  hy  electron  atom 
collisions  is  given  by 


Ia  ■  “H 


(9) 


vhere  Ix  is  the  instantaneous  intensity  at  a  wavelength  (A);  ng  is 
the  atomic  hydrogen  concentration;  ne  is  the  electron  density;  and 
is  the  probability  of  an  electron-atom  collision  producing  an  ex¬ 
cited  atom  in  a  given  energy  level.  Equation  (9)  can  be  directly  ap¬ 
plied  to  the  intensity  of  the  alpha  line  of  the  Balmer  series  (6^63 
angstroms),  since  the  upper  energy-level  population  for  this  transi¬ 
tion  is  essentially  proportional  to  the  probability  of  an  inelastic 
collision.  In  the  steady- state  period  of  the  discharge,  the  electron 
density  (ne)  can  be  given  as  a  function  of  the  current  (l)  and  the 
electric  field  (£)  across  the  plasma  by 

1  i 

"e  •  A  e  Vd  e/p  (lO) 


where  A  is  the  cross-sectional  area  of  the  discharge;  e  is  the  elec¬ 
tronic  charge;  and  is  the  drift  velocity  (9^10)  and  is  equal  to 
the  product  of  the  mobility  (|a^)  and  E/P.  The  electric  field  (e)  is 
equal  to  the  plasma  drop  divided  by  the  electrode  separation.  The 
terns  A,  e,  and  are  constants.  Combining  equations  (9)  and  (lO), 
the  atomic  hydrogen  concentration  is 


- : —  • 


In  this  expression  only  the  excitational  probability  (k^  )  has  to  be 
determined,  since  the  other  quantities  are  directly  measurable.  It 
is  known  from  collision  data  that  most  excitational  probabilities  (11 ) 
are  linearly  related  to  the  average  electron  energy  up  to  the  criti¬ 
cal  energy  of  the  transition.  Since  the  average  electron  energy  (12) 
is  a  function  of  E^,  equation  (ll)  con  be  rewritten  for  the  hydrogen 
alpha  transition  as 


where 


e/f 

i  f  (e/p) 


f  (Eyi*)  ~  e/p 

for  e/p  <  50  volts/cm-mm  Hg 


(12) 

(13) 
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and  f  (E^)  ^  (14) 

for  10^  >  .50  volts/cm-nm  Hg. 

The  latter  cause  was  experlmentadly  studied.  The  hydrogen 
eQ.pba  Intensity  was  meausured  amd  a  relative  vailue  for  the  atondc  hy¬ 
drogen  concentration  vas  obtadned  from  equation  (12).  Fig.  7  shows 
^  P/Pj,  jotted  against  the  values  of  average  atomic  hyd3?ogen  concen¬ 
tration  (nji  tp  prr)  for  the  case  of  a  low-pressure  diode  (Pj^  <■  0.17  m)> 
This  result  snows  that  a  linear  dependence  on  the  average  atomic  hy¬ 
drogen  pressure  Is  Involved  In  the  solubility  mechanism. 

PART  II  -  INFLUENCK  OF  THE  PHXSICAL  STATE  OF  THE  NICKEL 

In  the  course  of  the  experiment,  lateral  shifts  In  the  cxxrve 
describing  the  behavior  of  dynamic  occlusion  \mder  dlscheurge  conditions 
were  observed.  Since  the  fundamental  relationships  to  the  dlschaurge 
paurameters  remained  the  same.  It  was  assumed  that  the  shifts  were  due 
to  differences  In  the  metal.  A  series  of  experiments  were  therefore 
conducted  to  determine  the  Influence  of  the  physlced  state  of  the 
nickel. 

EXPERIMESfTAL  PHOC1i3X7R£ 

The  basic  design  and  procediire  for  constructing  tubes  for 
this  part  of  the  Investigation  were  the  same  as  discussed  In  Peirt  I. 

Two  variations  in  the  construction  end  filling  procedures  were  made: 

1)  to  study  the  effects  of  plastjc  defoxmatlon,  several  of  the  tubes 
were  constructed  with  cold-worked-nlckel  collector  cylinders;  and  2) 
to  provide  additional  Infoxtoatlon  on  the  behavior  of  hydrogen  In  met- 
eds .  several  of  the  tubes  were  filled  with  a  mixture  of  1^  tritium 
(H2’)  and  $9%  hydrogen  (H2^)«  The  procedure  for  filling  the  tubes 
and  analyzing  the  results  has  been  previously  described  (I3).  Since 
this  part  of  the  study  was  primarily  concerned  with  the  Influence  of 
the  metal  on  dynamic  occlusion  rather  than  the  effect  of  the  dlscheurge, 
the  tubes  were  all  arbitrarily  operated  under  trlode  conditions  at  a 
fixed  pulse  width  of  one  microsecond. 

PLASTIC  DEFORMATION 

The  literature  ( 14,15,16)  on  the  occlusion  of  molecular  hy¬ 
drogen  in  metals  shows  that  pexmeablllty  and  occlusion  capacity  of 
metals  varies  as  a  function  of  the  degree  of  strain  or  deformation. 

This  phenomenon  Is  attributed  to  a  system  of  voids  or  rifts  in  the 
metallic  structure.  In  the  case  of  severely  defoimed  metals,  the 
rifts  are  particularly  nimierous  or  large.  To  det exmine  how  this  ap¬ 
plied  to  the  occlusion  of  atomic  hydrogen,  several  tubes  were  con¬ 
structed  with  cold-wrked-nickel  cylinders,  and  the  results  were  com¬ 
pared  with  those  of  a  tube  with  well-annealed  nickel.  Fig.  8  shows 
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the  results  obtained  with  two  tubes  operated  over  a  range  of  power 
dissipation  from  2  to  13  watts.  Curve  a  is  for  annealed  nickel  and 
curve  b  is  for  cold-worked  nickel.  The  dependence  between  the  dynamic 
pz^ssxire  change  and  the  power  dissipated  in  the  gas  during  the  dis¬ 
charge  was  the  same  for  each  case  and  was  in  agreement  with  equation 
(l).  The  only  difference  between  the  results  on  the  two  tubes  was  an 
increased  occlusive  capacity  of  the  cold-worked-nickel  tube.  This 
resulted  in  a  value  of  O.O85  for  Sp  in  the  cold- worked  case,  an  in¬ 
crease  of  J0%  over  the  value  for  the  annealed  nickel  tube.  In  another 
experiment  to  study  the  effect  of  cold-working,  two  tubes  filled  with 
a  tritium  tracer  were  operated  for  one  hour  each.  Analysis  of  the 
cylindrical  collectors  for  tritium  content  as  a  function  of  depth  is 
shown  in  Fig.  9*  Curve  a  and  curve  b  represent  the  annealed  case  and 
the  cold- worked  case  respectively.  The  curves  represent  the  pexman- 
ent  occlusion  of  hydrogen  by  the  nickel.  Examination  of  the  areas 
under  the  curves  shows  an  order  of  magnitude  Increase  in  the  quantity 
of  tritium  occluded  in  the  defomed  metal.  From  these  results,  it 
was  concluded  that  plastic  deformation  of  metal  Increases  the  occlus¬ 
ive  capacity  for  both  molecular  and  atomic  hydrogen,  but  does  not  af¬ 
fect  the  basic  relationship  that  determines  their  respective  rates 
of  reaction. 

LONG-TERM  EFFECTS 

Several  tubes  with  different  degrees  of  deformed  nickel  were 
placed  on  life  test  at  I6  kilovolts  peak  voltage,  175  anqperes  peak 
cvurrent,  and  1000  pulses-per- second  repetition  rate.  This  operation 
corresponds  to  an  average  power  dissipation  in  the  gas  of  13 >5  watts. 
The  trlodes  were  checked  periodically  and  tests  were  conducted  up  to 
2150  hours.  The  fundamental  relationship  between  atomic  hydrogen  gen¬ 
eration  and  the  dynamic  occlusion  remained  the  same  throughout  life. 
The  observed  value  of  Sp,  however,  decreased  with  life,  as  shown 
on  Fig.  10.  Curves  a  and  b,  respectively,  represent  the  results  of 
well- annealed  and  deformed  nickel.  To  extend  the  results  with  well- 
annealed  nickel  over  another  order  of  magnitude,  curve  c  was  added  to 
the  graph.  The  discrepancy  in  the  first  two  points  on  curve  c  is  be¬ 
lieved  to  be  due  to  an  Initial  Inaccuracy  in  the  recorded  operating 
time.  However,  at  several  hundred  hours,  this  error  is  negligible, 
and  the  data  fit  curve  a  and  extend  the  results  to  2150  hours.  The 
observed  value  of  Sp  decreased  with  life  according  to  the  relationship 

Sp  =  C  -  0.0135  log  t  (15) 

where  t  is  the  number  of  hours  and  C  is  the  value  of  Sp  after  one  hour 
of  operation,  with  the  initial  value  of  Sp  deteimlned  by  the  degree 
of  plastic  defoimation.  Data  on  gas  pressure  versus  life  for  these 
tubes  generally  obeyed  the  same  relationship  as  that  plotted  for  S-. 
This  led  to  the  hypothesis  that  the  observed  Sp  is  a  function  of  the 
degree  of  loading  of  the  nickel  with  hydrogen  and  that,  as  the  voids 
or  rifts  in  the  nickel  are  filled,  the  measured  occlusive  capacity  of 
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the  nickel  Is  being  reduced  by  the  amount  of  hydrogen  already  absor¬ 
bed.  As  conflzmatlon  of  this  hypothesis,  Fig.  11  shows  the  results 
of  operating  tubes  with  a  tritium  mixture  at  this  condition.  Curve  a 
and  curve  b  represent  the  results  after  one  hour  and  676  hours,  re¬ 
spectively.  Examination  of  the  area  \mder  each  curve  reveals  an  In¬ 
crease  of  almost  two  orders  of  magnitude  In  hydrogen  content  with 
life,  thus  confirming  that  the  hydrogen  content  of  the  metal  influ¬ 
ences  the  apparent  occlusive  capacity  of  the  metal. 

CONCLUSIONS 

^e  dependence  of  hydrogen-metal  system  behavior  on  dis¬ 
charge  peurameters  has  been  studied,  and  a  square-root  dependence  on 
the  power  dissipated  In  the  gas  has  been  established.  A  solubility 
mechanism  has  been  established  In  which  the  concentration  of  atomic 
hydrogen  was  found  to  be  the  significant  factor.  In  view  of  this 
result,  hydrogen  occlusion  cannot  be  viewed  as  Just  a  function  of  the 
diatomic  gas  but  must  be  modified  to  Include  the  generated  dissocia¬ 
tion  product,  the  monatomic  gas.  The  monatomic  gas  occlusion  has  been 
detenilned  to  vary  directly  as  a  function  of  Its  pressure,  as  coagpared 
to  the  square- root  dependence  of  a  diatomic  gas  on  Its  pressure. 

By  the  use  of  the  discussed  relationships,  the  effects  on 
fundamental  processes  that  exhibit  pronounced  pressure  dependence 
can  be  accurately  predicted.  In  the  design  of  hydrogen- filled  de¬ 
vices,  particularly  those  needed  for  bi|^-energy  switching  of  power 
for  microwave  devices  and  optical  pumps  for  lasers,  the  behavior  under 
discharge  conditions  can  now  be  predicted  and  the  device  can  be  de¬ 
signed  to  operate  under  the  dynamically  varying  pressure  conditions. 

The  influence  of  the  physical  state  of  the  metal  on  the 
dynamic  occlusion  of  hydrogen  under  discharge  conditions  has  been 
studied.  Plastic  defonnatlon  of  the  metal  and  the  production  of 
large  rifts  or  voids  increases  the  occlusive  capacity  of  the  nickel 
for  both  molecular  and  atomic  hydrogen.  It  does  not,  however,  change 
the  fundamental  relationship  between  the  gas  behavior  and  the  discharge 
parameters,  but  only  Increases  the  solubility  factor  In  the  equation. 
Qhe  long-teim  effect  of  exposing  the  metal  to  the  dlschsurge  has  been 
analyzed,  and  a  relationship  between  the  apparent  change  In  solubil¬ 
ity  and  life  has  been  established  and  verified.  Tbis  relationship 
enables  the  prediction  of  the  life  of  hydrogen- filled  devices  and 
provides  the  necessary  Infonnation  to  compensate  for  hydrogen-pressure 
losses. 
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Fig.  1  Gas  pressvire  ceaponse  to  an 
arc  discharge. 
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Fig.  2  Experimental  Tube. 
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Fig.  U  Pressure  variation  vs.  gas 
dissipation. 
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Fig.  6  Pick's  lav. 


Fig.  7  Pressure  variation  vs.  atcnlc- 
hydrogen  concentration. 


Fig.  8  Pressure  variation  vs.  gas  dissipation 

for  well^annealed  and  cold-worked  nickels. 
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Fig.  9  TrltlvB  concentration  vs.  depth  for 

veil-annealed  and  cold-vorked  nickels. 


Pig.  10  Sj)  vB.tlme  for  veil-annealed  and 
cold-vorked  nickels. 


Fig.  11  Tritium  concentration  vs.  depth 
as  a  function  of  time. 
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OPTIMIZATION  OF  THE  RCTATINO  REFLECTOB  ^-SWITCH 


M.  8CH0ENFELD,  D.  A.  REAQO*  and  E.  QREEN 
FRANKFORD  ARSENAL 
PHILADELPHIA,  PENNSYLVANIA 


I.  Introduction 

Ona  of  the  sinplaat  aathoda  of  awltohing  the  rogonora- 
tlon  la  an  optical  raaonator  to  obtain  a  high  power  pulaa  of 
radiation  la  the  rotating  rcflactor  Q-awitoh  flrat  aucoaaafully 
daaonatratad  by  aclantiata  at  the  tJ.  S.  Aray  Elaotronics  Labora¬ 
tory,  Ft.  Monnouth^.  Becauaa  it  ia  aaay  to  inatrunant  and  la 
ralatiraly  iaauna  to  cnTironaantal  axtranaa  of  taaparatura, 
ahook  and  Tibration,  tbla  technique  -  with  ainor  difference#  - 
ia  the  baala  of  both  of  the  laaer  range  finder#  being  developed 
for  the  Aray I  one  by  Radio  Corporation  of  Aaerioa  under  contract 
with  Ft.  Monaoath,  the  other  aa  an  in-houae  effort  at  Frankford 
Araenal. 

In  c  'uieotion  with  the  latter  deTelopaent  (Range  Finder 
JCM23)  a  detailed  atudy  of  the  rotating  reflector  awitoh  naa 
been  conducted  at  Frankford  Araenal.  It  ia  the  purpoae  of  thia 
paper  to  preaent  the  experiaental  data  and  to  propoae  a  aodel 
for  the  rotating  reflector  Q-awitoh  which  ia  conaiatent  with 
our  experiaenta  and  proeidea,  Moreover,  an  extrenely  uaeful 
rationale  for  optiaislng  reaonator  deaign  to  obtain  aaxlaua 
aingle  pulae  output.  The  experiaental  data  pertain#  apeciflo- 
ally  to  a  ruby  laaer  in  a  cavity  terainated  by  roof  priaa 
reflectoraj  thia  configuration  waa  choaen  for  uae  in  the  range 
finder  to  avoid  probleaa  of  flla  durability  and  coaponent 
alignaent  aaaociated  with  the  uae  of  dielectric  airrora.  The 
conoluaiona  drawn  froa  the  analyaia  are,  however,  independent 
of  the  detaila  of  the  feed-out  or  reflection  aeohaniam  employed, 
and  are  therefore  believed  to  have  general  applicability  to  any 
type  of  rotating  reflector  awitoh. 

By  appropriate  choice  of  reaonator  length  and  awitching 
apeed,  aingle  pulae  laaer  output  can  be  conaiatently  obtained 
with  the  double  priaa  arrangeaent.  The  quality  of  the  ruby 
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oryatal  is  the  least  controllable  elenent  of  the  system^ 
nerertheless  cavity  parameters  can  almcst  always  be  optimized 
to  yield  single  pulse  output  in  the  megawatt  power  range. 
Deviation  from  an  optimum  single  pulse  arrangement  leads 
initially  to  loss  in  peak  power  and  ultimately  to  development 
of  after  pulses  which  not  only  rob  power  from  the  leading 
pulse  but  are  extremely  undesirable  from  the  standpoint  of  the 
range  finder  application  for  which  the  resonator  was  developed. 
When  optimum  conditions  are  met,  a  relatively  narrow  pulse 
(25  nanoseconds  halfwidth)  with  fast  (10  nanoseconds)  rise  time 
can  be  produced  with  the  configuration  to  be  described  below. 

The  beam  angle  %riLll  be  of  the  order  of  2  x  10*^  steradians. 

In  addition  to  dependence  on  geometrical  factors  and 
crystal  quality,  single  pulse  output  is  greatly  affected  by 
temperature.  Attainment  of  large  single  pulses  becomes  increas¬ 
ingly  difficult  at  temperatures  below  that  for  which  the 
resonator  is  optimized |  on  the  other  hand,  at  higher  tempera¬ 
tures  single  pulse  capabilities  are  excellent  but  only  at  the 
expense  of  additional  input  energy. 

II.  ft-S witch  Analysis 

A.  The  Q-swltch  theory  first  suggested  by  Hellwarth* 
and  developed  by  Lengyel  and  Wagner*  and  others***  deals  with 
cavities  of  fixed  geometry  -  usually  switched  electro-optically- 
in  which  build-up  of  a  giant  pulse  by  rapid  conversion  of  stored 
energy  to  radiation  involves  consideration,  in  the  ideal  case, 
of  only  diffraction  losses  and  feed-out  losses.  Furthermore, 
the  treatment  of  the  phenomenon  of  multiple  pulsing  as  discussed 
by  McClung  and  Hellwarth*  apparently  involves  detailed  assump¬ 
tions  regarding  line  shape,  relaxation  mechanisms  and  other 
intrinsic  characteristics  of  the  laser  medium. 

The  interesting  feature  of  the  rotating  reflector 
Q-switch  is  that  its  properties  are  largely  dominated  by  geo¬ 
metrical  factors,  specifically  the  varying  walk-off  losses  as 
the  reflector  rotates  into  parallelism.  This  domination  is, 
in  fact,  so  complete  that,  as  will  now  be  shown,  significant 
conclusions  in  excellent  agreement  with  experiment  can  be  drawn 
from  a  highly  artificial  ray-geometric  model  which  completely 
ignores  the  dynamics  of  the  stimulated  emission  process  in  the 
laser  medium. 

Consider  (Fig.  1)  an  active  medium  in  a  Fabry -Perot 
cavity  terminated  by  two  reflectors  A  and  B  which,  at  the 
instant  of  initiation  of  an  axial  plane  wave,  are  at  an  Initial 
angle  9g.  Suppose  that  reflector  B  is  rotating  into  parallelism 
tfith  A  about  an  axis  perpendicular  to  the  plane  of  the  diagram 
with  an  angular  velocity  o>.  At  each  reflection  the  wave  fi.  it 
will  be  deviated  downwards  so  that  the  ray  at  its  upper  boundary 
will  be  displaced  successively  by  amounts  Dj,D3,  etc.,  as  shown* 


346 


SCH0ENF£1^,  RSAOO  and  OREEN 

Simaing  up  the  diaplaceaeats  for  a  round-trips  of  the 
caTlty  gives}  .  « 

(1)  D  «  £  Dm  «  2  L  a(n-l}eo  >2n  (n-1) (n-i-l)a»T  1 

31 

where  !•  ia  the  optical  path  between  the  refleotora  and  t  is  the 
round  trip  transit  tine,  l.e.  t  ■  o  «  velocity  of  light 

0 

For  large  n,  we  nay  write,  approxlaatelyt 

(2)  D  2L  [n*eo  -  n*«T] 

For  any  specific  aperture,  Dq,  equation  (2)  gives  the 
number  of  passes  before  walk-off  of  the  marginal  ray,  i*e.  the 
maximum  dwell-tine  of  the  wave  in  the  cavity.  We  note  also  that« 
depending  on  the  specific  values  of  the  various  parameters, 
walk-off  may  occur  at  the  lower  boundary  of  the  aperture  (before 
mirror  parallelism)  or,  since  D  can  change  sign,  may  occur  at 
the  upper  boundary  after  the  mirror  has  passed  through  parallel¬ 
ism. 

Assume  now,  on  this  simple  model,  that  in  order  to 
build  up  a  sizeable  single  pulse  output,  a  wave  must  survive 
for  n  round  trips  of  the  cavity;  n  would  depend  on  all  the 
factors  which  affect  gain  per  pass  in  the  laser  (inversion, 
linewldth,  scattering,  diffraction,  feed-out  loss,  etc.)  but 
would  be  a  specific  number  for  a  given  ruby  at  a  given  tempera¬ 
ture  and  pumping  level. 

We  now  adopt  as  an  optimization  condition  for  survival 
of  an  n-pass  wave  the  requirement  that  the  marginal  ray  reach 
the  edge  of  the  aperture  when  the  displacement  D  reaches  a 
maximum,  i.e* 

(3)  ^  ■  o 

an 

This  leads  to  the  relation: 

(4)  n*  =  200 


where  n*  is  the  number  of  transits  the  wave  has  made  at  maximum 
displacement.  Since  this  maximum  displacement  may  not  exceed 
the  available  aperture  Dg,  insertion  of  (4)  in  (2)  gives: 

(5)  L"  ®  2;  3cDo 
2nT^ 

This  can  be  expressed  in  terms  of  the  total  nximber  of 
passes  n  before  walk-off  at  the  upper  boundary  of  the  aperture 
if  we  note  that  n  s  36o  ■  3n'  as  is  evident  from  setting 

®T  2 

d  s  o  in  equation  (2). 
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Wa  finally  obtain  tbo  following  aiaplo  optialzation 
condition t 

(6)  L*»  ~  SIoDq 

TSJ?’ 

Wo  noto,  paronthotioalljt  that  in  aplto  of  tho 
naivoto  of  tho  aaauaiptiona  uaod  in  its  dorlration,  aquation  (6) 
chocks  wall  with  our  oxporlaonts  in  tho  following  sonsot  if 
wo  Insort  tho  spociflo  traluos  of  L,  «d  and  Dg  usod  in  tho 
optimized  caTitios  to  bo  dosoribod  lator,  tho  calculated  raluo 
of  a  agrees  within  a  factor  of  two  with  tho  observed  pulse 
width.  Vo  regard  this  agroomont*  howovort  as  somewhat  fortui- 
tons  and  prefer  to  discuss  tho  qualitative  Implications  of 
equation  (6)  as  regards  tho  functional  relations  between 
cavity  parameters  necessary  to  optimize  single  pulse  output. 

For  this  reason  we  re%rrite  it  as  a  proportionality t 

(7)  L*«  ~  oDo 

n* 

Tho  quantity  is  inversely  related  to  the  dwell 
time  of  tho  spinning  reflector  in  the  cavity;  similarly 
the  number  of  passes  a  required  for  build>up  of  a  "giant" 
pulse  is  inversely  related  to  the  gain  per  pass  of  the  resonator. 
Equation  (7)  can  therefore  be  interpreted  as  follows:  for 
optimum  single  pulse  generation  the  dwell-tlme  should  be 
matched  to  the  gain  per  pass.  If  there  is  a  mismatch  between 
dwell-time  and  gain,  then  we  have  two  possibilities. 

(1)  If  the  dwell-time  is  too  long,  l.e.  is  too 
•mall,  peak  power  is  reduced;  if  the  mismatch  is  sufficiently 
great,  double  or  multiple  pulsing  will  result.  The  mechanism 
can  be  visualized  as  follows:  with  high  gain,  the  spinning 
reflector  closes  the  cavity  at  an  angle  9q  greatly  removed 
from  parallelism,  since  a  relatively  small  number  of  passes 
before  walk-off  suffice  to  produce  a  highly  amplified  wave. 

This  premature  walk-off  will  clip  peak  power  before  the  avail¬ 
able  Inversion  is  exhausted;  furthermore,  if  the  intrinsic 
gain  is  sufficiently  hi|^,  enough  inversion  may  be  left  in  the 
ruby  to  produce  an  after  pulse  (or  pulses)  as  the  reflector 
approaches  parallelism. 

(2)  If  the  dwell-time  is  too  short,  l.e.  intrinsic 
gain  per  pass  is  too  low  to  match  the  given  L  and  m,  monopulse 
output  will  be  maintained  but  power  la  the  single  pulse  will 
be  clipped.  This  happens  essentially  because  the  amplified 
wave  walks  out  of  the  cavity  after  parallelism,  but  before  the 
available  Inversion  has  been  optimally  exhausted.  Note  partlsm* 
larly  that  unlike  the  case  of  the  static  electro-optical 
Q-switch,  faster  switching  may  actually  reduce  peak  power. 

This,  as  well  as  other  conclusions  drawn  from  the  optimization 
condition, will  be  illustrated  in  the  experimental  data  presented 
below. 
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For  oxanpl*!  if  doublo  pulslnc  oeeura  at  som 
particular  pumping  luTclt  It  followa  from  th«  abora  that  It 
can  b*  tllmlnatod  by  Incraamlng  raaonator  length,  mwitohlng 
spcod  or  feod-out  loss.  Slnoo  dwell  time  varlee  InTereely  ar 
the  square  of  resonator  length,  adjustment  of  this  parameter 
should  be  more  effective  than  faster  swltohlag*  However, 
Inorease  In  the  pumping  level,  and  therefore  In  stored  Inver* 
Sion  and  gain  per  pass,  will  eventually  result  In  power  fall- 
off  and  again  multiple  pulsing.  Since  orystals  vary  greatly 
in  Intrinsic  gain,  It  follows  that  no  set  of  cavity  parameters 
will  be  optimum  for  all  rubles,  la  fact,  in  a  cavity  of  fixed 
L  and  tf)  it  Is  possible,  as  we  have  found  In  our  experiments, 
for  a  ruby  to  be  too  “good"  to  single  pulse.  This  apparent 
paradox  should  not  be  pushed  too  far;  a  crystal  with  notice¬ 
able  optical  discontinuities  may  double  pulse  In  any  cavity. 

B.  The  foregoing  analysis  suggests  the  possibility 
of  oonstructlng  a  more  complete  model  for  the  rotating  reflec¬ 
tor  Q-swlteh  based  on  an  exact  calculation  of  walk-off  losses 
and  Including  the  details  of  the  stimulated  emission  process 
in  the  laser  medium  itself.  We  have  undertaken  such  a  ealoula- 
tlon  and  expect  to  report  the  results  at  a  later  date;  for  the 
present,  we  wish  merely  to  outline  a  possible  approach  to  a 
more  exact  solution. 


Our  starting  point  Is  the  family  of  rate  equations 
governing  the  dynamics  of  Q-swltohlng  In  a  fixed  Fabry-Perot 
structure;  this  Is  available  In  the  literature*  *  and  will  not 
be  repeated  here.  In  line  with  trtiat  has  been  said,  we  must 
now  add  other  terns  to  cover  walk-off  losses  due  to  misalign¬ 
ment  of  the  end-mirrors.  Consider  a  plane  wave  launched  at 
angle  «p^  to  the  normal  of  the  fixed  mirror  in  Fig.  1  and 
assume,  without  loss  of  generallt-"-,  that  the  active  medium  has 
a  square  cross-section.  Then  it  can  be  shown  that  the  rate  of 
loss  of  photons  due  to  walk-off  Is  approximately: 


(8) 


ds  ^  - 
dt 


2c  0t  -  o«t“  +  op. 


S 


T  T 

where  S  Is  the  number  of  photons  In  the  mode  m  at  time  t  amd 
all  the*other  symbols  are  as  previously  defined.  Equation  (8) 
is  analogous  to  equation  (1)  but  takes  Into  account  the  con¬ 
tinuous  clipping  of  the  wave  front  as  It  travels  through  the 
resonator,  not  just  the  fate  of  the  marginal  ray,  and  genera¬ 
lizes  the  launching  amgle  of  the  wave,  previously  assumed  to 
be  9  ■  o. 


It  is  necessary  to  Include  low-<i  modes  for  whleh 
cp  ^  o  in  the  calculation  for  the  following  reason.  The  high 
gain  developed  In  the  strongly  Inverted  medium  permits  a  tre¬ 
mendous  number  of  low-Q  modes  to  oscillate  for  at  least  a  few 
passes  when  the  mirrors  are  far  from  parallelism.  AlthouA  the 
contribution  of  any  one  of  the  hlgh-angle  modes  to  the  ouiln 
pulse  Is  trivial,  their  multiplicity  exhausts  a  significant 
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aaount  of  InTortod  population  wtdoh  would  othorwlso  bt  availablo 
to  tbo  hlgh-Q  axial  or  noar-axial  aodoa  which  aotually  goaorato 
tho  aain  pula*.  In  order  to  obtain  a  quantitative  aolution  it 
ie  therefore  neoesaary  to  aua  the  contribution  of  all  aodea 
whioh  can  aiaultaneoualy  oaoillate* 

In  addition  to  tho  neoeaaity  of  a  aulti-aode 
approach,  the  rate  equationa  are  further  ooaplioated  by  requir¬ 
ing  the  inoluaion  of  a  fluoreaoenoe  tern,  the  treataent  of  uhioh 
ia  rather  involved  and  ao  will  not  be  given  here.  It  ia  iapor- 
tant,  however,  to  reoogniae  that  it  la  neoeaaary  to  inolude 
auch  a  tera;  otherwlae,  upon  initial  aatheaatioal  launching  of 
a  faally  of  aodea  at  aoae  arbitrary  atarting  poaltlon  Oobannll 
aodea  would  walk  out  of  the  reaonator,  bringing  an  abrupt  end 
to  the  regenerative  prooeaa  without  having  exhauated  the 
Inverted  population.  Fluoreaoenoe  auat  therefore  be  oontinu- 
oualy  applied  to  keep  the  prooeaa  alive  prior  to  airror  align- 
aent. 

On  the  baaia  of  the  ideaa  briefly  outlined  above, 
a  aet  of  iterative  equationa  aultable  for  aaohlne  ooaputatlon 
haa  been  derived.  The  solution  of  theae  equationa  glvea  the 
Q-awltched  output  power  aa  a  function  of  tiae  for  given  oavity 
paraaetera.  A  few  trial  caloulationa  have  been  run,  with 
reaulta  whioh  are  reaaonably  ocoaonant  with  obaerved  pulae  powers 
and  rise  tiaea.  One  calculated  pulse  profile  ia  shown  in  Fig.  2; 
thia  la  baaed  on  an  asauaed  atored  inveralon  of  25%  and  a  gala 
of  0.4oa*^  in  the  ruby.  Only  a  Halted  range  of  input  paraa- 
eters  haa  been  explored  to  date, so  that  no  Judgment  can  yet  be 
aade  as  to  the  degree  of  validity  of  the  aatheaatioal  aodel 
eaployed. 


III. 


Description  of  Laser  Cavit3 


The  two  prisa  oavity  which  we  have  investigated  ia 
shown  in  Fig.  3.  The  ruby  is  2”  x  1/4"  with  90*  C-axis  orien¬ 
tation.  Prlsas  A  and  B  are  Identical,  with  the  exception  that 
a  narrow  bevel,  through  which  the  laser  energy  is  fed  out,  la 
polished  along  the  90*  vertex  of  A.  The  width  of  the  bevel  ia 
•020  inches,  corresponding  to  a  feed-out  loss  factor  of  approxl- 
aately  109^.  The  effect  of  varying  feed-out  loss  ratio  on  cavity 
characteristics  is  considered  below {  however,  in  aost  of  the 
experiments  it  was  fixed  at  the  above  value.  Both  prisas  are  of 
the  90*,  43*,  43*  roof  type.  Prism  A  Is  mounted  on  a  vertical 
motor  shaft  perpendicular  to  the  beveled  vertex.  Priam  A  is 
so  oriented  that  when  the  cavity  is  closed,  its  beveled  vertex, 
the  90*  vertex  .of  Prism  B,  and  a  diaaeter  of  the  ruby  are  « 
mutually  parallel  and  lie  in  the  same  plane.  The  dlotanoe^^ 
from  prism  B  to  the  ruby  is  fixed  at  appi^xlmately  one  inch  for 
convenienee  of  alignment.  The  distance  vertex  to  vertex 

dist6uioe  of  the  prlsas,  is  variable.  Prisa  A  may  be  rotated  at 
speeds  up  to  1.5  ailllseconds/revolutlon  (40,000  rpa).  A  pulse 
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from  a  magnetic  pickup  triggers  the  lamp  flash  (from  a  standard 
FXS  lamp)  at  any  time  up  to  approximately  one  millisecond 

prior  to  the  closing  of  the  cavity.  Typical  delay  between  lamp 
trigger  and  cavity  closure  varies  from  2^0  to  400  microseconds, 
depending  on  the  type  of  capacitor  employed  and  circuit  Induc¬ 
tance.  The  time  between  the  lamp  trigger  position  and  the 
closed  position  of  the  spinning  prism  is  measurable  to  about 
5  microseconds,  assuring  for  a  given  energy  input  that  the 
degree  of  inversion  will  be  constant  when  the  cavity  is  closed. 
Ruby  and  lamp  are  coupled  in  a  conventional  manner  by  means  of 
a  small  silvered  cylindrical  reflector. 

IV.  Experimental  Results  at  Room  Temperature 

The  following  parameters  were  investigated  for  the 
purpose  of  obtaining  maximum  single  pulse  laser  output  power 
with  a  maximum  allowable  input  energy  of  150  joules  (imposed  by 
weight  limitations  on  Range  Finder  XM23). 

(1)  The  total  length  (»^f)  of  the  cavity  (measured 
vertex  to  vertex  in  the  closed  position). 

(2)  The  (i-swltching  rate  as  measured  by  the  rotation 
speed  of  Prism  A. 

(3)  The  input  energy  to  the  capacitor. 

Deliberate  errors  introduced  in  the  alignment  of 
components  of  the  cavity  (Fig.  1)  verified  the  necessity  of 
keeping  alignments  within  tight,  but  not  impractical,  tolerancest 
approximately  A,005"  and  1  minute  of  are  in  angle.  When  this 
is  done,  ruby  quality  is  the  single  uncontrolled  factor  which 
strongly  affects  resonator  characteristics  and,  indeed,  duplica¬ 
tion  of  results  from  ruby  to  ruby  is  not  possible.  But  the 
pattern  of  variation  of  output  as  a  function  of  the  four  prin¬ 
ciple  parameters  (cavity  length,  rotation  speed,  input  energy, 
temperature)  is  consistent. 

The  bulk  of  the  data  reported  here  was  obtained  for  a 
ruby  (27R)  which  is  quite  good  by  the  criterion  of  uniformity 
and  low  strain.  It  has  a  fine  ground  rather  than  a  polished 
cylinder.  Both  types  have  been  used  successfully,  but  the 
former  finish  yields  more  uniform  pumping  of  the  rod.  Fig.  4 
shows  peak  output  power  as  a  function  of  capacitor  input  energy 
or  pump  energy  for  several  cavity  lengths  at  15,000  rpm  motor 
speed.  A  solid  curve  indicates  single  pulse  output;  the  dashed 
curve  represents  output  in  the  form  of  multiple  pulses.  In  the 
latter  case  the  peak  power  plotted  is  that  of  the  leading  pulse. 
Note  that  at  the  shorter  cavity  lengths,  when  the  rate  of  rise 
of  peak  power  as  a  function  of  pump  energy,  levels  off,  multiple 
pulsing  begins,  in  agreement  with  the  simple  model  previously 
discussed.  It  is  then  necessary  to  increase  cavity  length 
substantially  to  take  advantage  of  the  increased  input,  i.e. 
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th0  dwall  tiaa  in  tha  cavity  auat  b«  daoraaatd,  axactly  as 
expactad  from  tha  pravioua  analyala.  Thua  tha  20oa  cavity 
baooaaa  aora  affective  than  tha  13offl  cavity  at  107  joulaa,  tha 
ourva  for  tha  28oa  cavity  croaaaa  tha  20ea  curva  at  ll6  Joulaa, 
and  it  alght  ba  antlclpatad  that  tha  curve  for  tha  36aa  cavity 
would  eventually  eroao  the  ourva  for  the  28oa  cavity.  Moraover, 
aa  tha  cavity  length  inoreaaea,  the  puap  energy  range  over  which 
a  given  cavity  length  la  nearly  optlaua  also  Inoraaaea. 

In  Fig.  3  tha  tandanoy  toward  an  optlaua  cavity  length 
at  each  puaping  level  la  further  illuatratad*  Output  power  ia 
plotted  aa  a  function  of  cavity  length  for  aaveral  Inputa  with 
tha  motor  apead  fixed  at  22,200rpa.  Note  alao  tha  predicted 
inoreaaa  ia  optlaua  cavity  length  to  match  the  inereaaed  gain 
per  paaa  at  the  higher  pumping  levela  and  tha  incidence  of 
double  pulalng  ^lhen  the  dwell  time  (cavity  length)  ia  too  abort. 

Fig.  6  ahowa  ourvaa  of  peak  power  output  aa  a  function 
of  aotor  apead  for  tha  20ea  cavity.  The  riaa  of  power  output 
with  Inoraaalng  a%d.toh  apead  ia  predicted  by  baaio  Q-awitoh 
theory.  However,  the  deolina  of  output  power  beyond  aoae 
critical  awiteh  rate  ia,  aa  brought  out  earlier,  peouliar  to 
a  rotating  mirror  switch.  Thia  la  shown  experimentally  by  the 
decay  of  the  curves  la  Fig.  3  with  increasing  motor  speed.  The 
shift  of  the  maxima  to  higher  prism  rotation  speeds  with 
increasing  Inversion  ia  again  predictable  from  Equation  (?)• 

Fig.  7  shows  oscillographs  of  output  pulses.  A  cali¬ 
brated  RCA  917  Vacuum  Photocell  was  the  detector.  Traces  were 
recorded  on  an  83  megacycle  Tektronix  383A  Oscilloscope,  The 
horiaontal  scale  ia  0.1  mlcroaeoond/square.  These  osolllographs 
show  instantaneously  radiated  peak  power;  the  peaks  are  ia  the 
several  megawatt  region.  Rise  time  and  pulse  width  are  well 
within  the  capability  of  the  monitoring  instrumentation. 

Trace  A  is  that  of  a  typical  optimised  single  pulse, 
trace  B  shows  the  second  pulse  developing  0.1  microsecond  after 
the  first  pulse  as  a  result  of  over  pumping;  while  trace  C 
shows  a  complete  degradation  of  the  monopulse  phenomenon,  in 
this  instance  due  to  inoreased  gain  in  the  ruby  at  low  tempera¬ 
ture,  as  will  now  be  discussed. 

V.  Temperature  Effects 

Military  requirements  for  performance  through  an 
extended  temperature  range  led  to  experimental  investigation 
of  temperature  characteristics  of  the  monopulse  laser.  These 
have  been  obtained  for  a  large  number  of  crystals  at  a  fixed 
cavity  length  and  rotation  speed.  In  Fig.  8  peak  power  output 
vs.  pump  energy  curves  are  displayed  for  eight  temperatxires 
ranging  from  233*  to  325*K  (-4o*K  to  ♦125*r)  for  a  specific  and 
quite  typical  ruby. 
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Aa  cxpaotad,  thrashold  daoraasad  with  tamparatura* 
HowaTar,  tha  BaxlauB  singla  pulsa  output  attalnabla  alao 
daoraaaaa  witU  taaparatura.  For  iaputa  bayond  that  oorraspond- 
ing  to  tha  BaxlBUBt  aultipla  pulsing  occurs.  At  quits  high 
tanparaturas,  and  abora,  tha  MziBum  broadans.  Tha 

highast  aaxiBUB  in  tha  oasa  of  tha  20ob  cavity  usually  occurs 
at  about  rooB  tCBparatura  whioh  is  not  surprising  sines  this 
particular  caaity  was  originally  optiBiaad  at  this  tanparatura. 
In  tha  oasas  illustratsd,  BaxiBUB  attainabla  output  is  not 
sariously  affaotad  by  high  tSBparatura  (although  highar  puBp 
anargy  is  raquirad). 

Tha  axplanation  of  tha  low  tanparatura  bahaaior  is 
quits  straightforward,  in  tarBS  of  tha  foragoing  modal.  At  low 
tamparaturas,  tha  axponantial  gain  constant  of  tha  ruby  inoraasoBf 
primarily  bacausa  of  lina  narrowing.  Consaquantly,  thara  is  a 
Bismatoh  of  tha  fixad  caaity  dwall-tiBS  with  tha  now  highar 
intrinsic  gain.  Undar  thasa  conditions,  tha  rooB  tamparatura 
Bonopulsa  daganaratas  in  powar  and  ultimataly  laads  to  doubla 
or  multipla  pulsas.  At  tamparaturas  balow  -4o*F,  most  rods 
axhibit  saaara  dagradatlon  in  bsxIbub  attainabla  output  powar 
bafora  onsat  of  a  saeond  pulsa* 

Tha  foragoing  modal  of  multipnlsa  ganaration  suggasts 
that  inoraasa  in  paak  Bonopulsa  powar  at  low  tamparatura  can  ba 
obtainad  by  coapansating  for  tha  inoraasad  intrinsic  gain  in 
tha  ruby;  aithar  by  daoraasing  dwall-tima,  i.a.  ineraasing 
aithar  L  or  «,  or  by  dalibarataly  raducing  carity  gain.  Wa  bars 
▼arifiad  that  aithar  Increasing  tha  resonator  length  to  40ob 
or  ineraasing  tha  faad-out  loss  from  109(  to  15%  by  widening 
tha  fead-out  baval,  results,  as  axpactad,  in  enhanced  Bonopulsa 
paak  output  at  -40*F  by  a  factor  of  about  two.  This  is  illus¬ 
trated  in  Figs.  9  and  10.  In  Fig.  9  a  family  of  powar  ourTss 
la  shown  for  tha  same  ruby  as  in  Fig.  8,  except  that  tha  read¬ 
out  slit  has  been  widened  from  .020”  to  .030”.  In  Fig.  10  tha 
affect  of  doubling  the  cavity  length  on  low  tamparatura  paak 
monopulse  output  is  clearly  demonstrated. 

It  must  ba  recognised  that  tha  improvamant  in  low- 
temperatura  perforBance  which  can  ba  obtainad  by  one  or  tha 
other  of  the  devices  suggested  above  implies  a  corresponding 
degradation  of  peedc  powar  output  at  highar  tamparaturas.  In 
principle,  a  cavity  of  fixad  parameters  can  ba  optimized  for 
only  a  single  temperature  or,  more  realistically,  for  a  narrow 
rsuige  of  temperature.  Optimization  over  a  broad  range  of 
temperatures  requires  means  of  continuously  varying  one  or  more 
of  the  cavity  parameters  which  influence  dwall-tlmo  or  gain. 

In  line  with  what  has  been  stated  above,  parameters  which  ml^t 
be  varied  include  resonator  length  and  switching  spaed.  Another 
promising  method,  the  -feasibility  of  which  we  have  axparimant- 
ally  verified,  is  to  vary  tha  gain  of  tha  cavity  by  use  of  a 
variable  polarization  device.  By  one  or  »ore  of  these  taohniquac 
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it  should  b«  possiblo  to  obtain  high  powtr  monopuls*  oporation 
over  a  wider  range  of  temperature* 
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FIOURE  7  OSCILCOSIMMS  OF  TYPICAL  OUTPUT  PULSES 
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HW  Hlffl-ALTITITDE  FAST-RISING  BALLOON 


MOSES  SHARENOW 

U.  S.  ARNI  ELECTRONICS  RESEARCH  AND  ISVELOFMENT  LABORATORIES 

FORT  MONMOUTH,  NEtf  JERSEY 


SUMMARY 

This  paper  presents  the  theory,  design,  and  deTelopsMnt 
of  a  norel  type  of  halloon  that  offers  promise  of  meeting  Army 
requirements  for  a  fast-rising,  high-altitude  meteorological  beilloon. 
The  design  consists  of  an  inner  hi|^-altitude  balloon  and  an  outer 
streamline  balloon.  The  assembly  is  so  designed  that  it  viU  ascend 
rapidly  to  approximately  50,000  feet.  At  this  altitude  the  stream¬ 
line  balloon  bursts  and  falls  avay  from  the  inner  balloon.  The 
inner  balloon  now,  by  wirtue  of  its  Increased  free  lift,  proceeds  to 
accelerate  at  the  upper  level  of  fli^t,  providing  a  faster  ascent 
zate  throughout  most  of  the  fli^t  than  that  which  the  individual 
con^nent  balloons  are  capable  of  attaining.  Various  techniques  for 
successfully  sepeuratlng  the  streamline  balloon  from  the  spherical 
balloon  during  flig^.t  are  discussed  as  well  as  some  of  the  problems 
encountered  in  inflating  the  balloon  on  the  ground. 

BACKGROUND 

The  Azny  has  a  requirement  for  a  meteorological  balloon 
capable  of  rapid  ascents  to  an  altitude  of  100,000  feet  during  both 
daytime  and  ni£^ttime.  This  balloon  is  necessary  to  obtain  upper-air 
meteorological  data  for  artillery  units,  for  units  preparing  radioac¬ 
tive  fallout  predictions,  and  for  weather  stations  making  forecasts 
for  the  field  army.  The  halloon  will  enable  data  to  be  obtained  more 
rapidly  than  is  currently  possible  and  will  obtain  representative 
data  more  nearly  above  a  given  station  by  virtue  of  the  hig^r  ascent 
rate.  The  balloon,  together  with  an  inflation-launching  device  and 
hydrogen  generation  equipment,  co]iq>rises  a  fast-rising  balloon  sys¬ 
tem  which  is  part  of  a  larger  Army  Automatic  Meteorological  Sounding 
System. 


The  Army  does  not  now  have  standard  balloons  which  are 
capable  of  reaching  both  the  required  altitude  of  100,000  feet  and 
attaining  the  required  ascent  rate  of  07OO  feet  per  minute  durlxig 
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both  day  and  nic^t.  Spbearlcal  Balloon  NL-337f  plaead  into  recant 
use,  proTldea  the  req.ulred  altitude  daring  d^  and  ni^t;  bovaver, 
its  rate  of  rise  is  only  1000  feet  per  nlnute.  Btreoaline  Heoprene 
Balloon  NL>^4l  proYides  tbe  required  rate  of  rise,  but  it  is  ci^ble 
of  rising  to  only  TS^OOO  feet  during  the  daytlac  alone.  Atteapts  to 
extrapolate  the  perfozauuiee  of  the  streaaline  balloon  by  increasing 
its  size  have  been  only  partially  successful  in  that  daytlaa  alti¬ 
tudes  have  been  lifted  to  around  90^000  feet.  Mi^ttlsM  altitudes 
above  60,000  feet  vere  not  attainable  vlth  this  type  of  balloon. 

Early  attesqpts  to  develop  fast-rising  balloons  by  the  \ise 
of  streaaline  :*neiqpanBible  plastic-type  balloons  having  stabilizing 
fins  have  proven  Inpraetleal  in  that  excessively  large  balloons  and 
therefore  large  volunes  of  hydrogen  are  required.  In  addition, 
eaqpert  rigging  and  allgmaent  of  fins  are  required  to  produce  the 
stability  required  for  rapid  ascent.  Balloons  of  this  type  did  pro¬ 
vide  rapid  ascent  rates  to  ^,000  feet.  Atteapts  to  eaploy  large, 
thlck-vall  spherical  balloons  having  high  internal  pressure,  or  sev¬ 
eral  balloons,  one  inside  the  other  to  prevent  defozaation,  have 
provided  erratic  results.  Also,  generation  of  excessive  aaounts  of 
hydrogen  for  Inflation  was  required. 

In  order  to  understand  the  developsent  discussed  in  this 
paper,  soMe  of  the  earlier  work  cm  the  theory  of  the  ascent  rates  of 
^jqpi^^ble  type  sidiarical  and  streaaline  balloons  is  presented.  (1)  > 


The  equation  of  notion  for  balloons  of  this  type  is  given 
by  L  -  D  ■  a  where  L  is  the  free  lift,  D  is  the  drag,  and  V  is 

the  ascent  rate  of  the  balloon.  The  aass  of  equlpaent  and  welid^t  of 
gas  carried  aloft  are  given  by  a.  Integration  of  the  equation  was 
perfomed  by  assuming  a  constant  drag  coefficient.  Analysis  of  this 
theory  shove  that  although  balToons  of  this  type  should  theoretically 
accelerate  to  burst,  they  all  do  not  follow  the  theory  becanae  of  the 
critical  Reynolds  number  effects.  Results  of  the  theory  are  sumsar- 
ized  as  follows: 

1.  Streaaline  neoprene  balloons  accelerate  rapidly  to  an 
altitude  of  approximately  ^,000  feet.  They  then  show  a  sharp 
deceleration  in  the  next  10,000  feet,  after  which  there  is  a  slower 
deceleration  to  burst. 

2.  Spherical  thick-wall  neoprene  balloons  also  accelerate 

rapidly  to  ^,000  to  60,000  feet,  provided  they  have  sufficient  free 
lift  (alaost  twice  as  auch  hydrogen  as  that  required  for  the  stream¬ 
line  balloons).  They  also  exhibit  a  sharp  decalaratlon  asid  leveling 
off  above  this  altitude  unless  the  are  quite  large. 
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3.  Larga  thln-vall  apharleal  baUoon*  of  altl* 

tude  type  vill  accelerate  to  buret  provided  they  do  not  reach  the 
critical  Reynolda  nuaiber.  Obeir  rate  of  riee  ie  aaieh  lower  than 
streaallne  balloons  In  the  lower  30>000  feet  and  aaich  hi^ier  in  the 
upper  ^,000  feet. 

Figure  1  shows  the  relationship  between  drag  coefficient 
and  Reynolds  nuaiber  for  theoretical  spherical  and  streaallne  bodies. 


REYNOLD  NO.- 

DRAG  OF  RIGID  SPHERE  d  ELLIPSOID 

FIG.I 


Balloons  generally  leave  the  ground,  at  the  extreae  rl^t- 
hand.  side  of  the  curve  and  follow  it  to  the  left  as  they  ascend. 
When  they  reach  the  point  near  3  x  10^,  the  drag  coefficient  rises 
sharply  and  the  balloon  decelerates  sharply.  If  the  balloon  is  suf¬ 
ficiently  large  and  its  ascent  rate  is  hl^  enoug^^  it  aay  not  reach 
the  critical  nuaiber  and  will  continue  to  accelerate  to  burst.  The 
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Affect  Im  aore  pronounoAd  vltb  fAAt-rlAiag  baJLloons 
than  vlth  the  AlofVAr  1000-fAAt-pAr^nixmtA  types,  since  other  atmos¬ 
pheric  paremetere  can  cause  ascent-rate  ehanfles  of  the  same  magnitude 
as  those  encountered  on  the  slover  rising  balloons. 

DISCUSSION 

The  problem  of  obtaining  a  hlgh-^altitude  fast-rising  bal¬ 
loon  vas  attacked  from  three  angles:  aerodynamic  studies,  neoprene 
latex  conQ>oundlng  studies,  and  fabrication  techniques.  Aerodynamic 
studies  vere  required  to  deteimlne  methods  of  reducing  drag  or  air 
resistance  of  balloons  to  obtain  optimum  ascent  rates.  Latex  com¬ 
pounding  studies  vere  necessary  In  order  to  develop  balloons  vhlch 
could  attadn  the  100,000-feet  altitude  vlth  the  larger  volume  of  gas 
required  for  faat-rlslng  oalloons.  The  standard  100,000-feet  Bal¬ 
loon  ML-557  could  not  attain  the  altitude  vlth  the  laurger  gas  volume. 
Investigation  of  techniques  for  fabricating  baJloons  vas  necessary 
in  order  to  reduce  to  practice  the  results  of  both  the  aerodynamic 
and  coDg>oundlng  stxidles. 

A  ot\idy  of  both  knovn  and  nev  principles  of  alr-flov  pat¬ 
terns  past  rigid  experimental  models  revealed  that,  although  reduc¬ 
tion  in  drag  vas  achieved  In  vlnd-tuxmel  tests,  attenpts  to  apply  the 
results  to  actual  balloons  idileh  are  semirigid  failed  In  most 
instances  to  produce  the  desired  results.  A  xiev  approach  vas  Indi¬ 
cated  if  the  problem  vas  to  be  solved. 

As  a  result  of  an  intensive  research  Investigation  into 
the  physical  and  chemical  properties  of  balloon  films  (4),  balloons 
capable  of  bl^-altltuds  performance  both  day  and  nl^t  ^20,000  to 
130,000  feet)  vere  developed.  These  balloons,  having  a  substantial 
of  perfoxioance  above  100,000  feet,  could  safely  be  over¬ 
inflated  vlth  the  volume  required  to  produce  the  higher  ascent  zvites 
for  fast-rising  balloon  application.  Success  vas  achieved  through 
the  conception  of  a  novel  design  known  as  the  "combination  balloon." 
This  combines  an  Inner  hlgh-altltude  balloon  of  tha  above 

type  vlth  an  outer  streamline  balloon  of  the  ML-^4l  type.  Figures  2 
throu^  3  show  the  conqponents  of  the  bedloon  as  well  as  the  conf  Igurar 
tlon  at  launching  and  In  flight.  The  inner  ballocn  has  a  length  of 
14^  Inches,  velgbs  2200  grams,  and,  at  louxicblng,  generally  has  a  fev 
folds.  The  outer  balloon  la  about  143  inches  lo^  and  weighs  about 
IdOO  grams.  However,  the  Inner  balloon  is  contained,  entirely  vithln 
the  spherical  part  (63  inches)  of  the  streamline  balloon. 

The  awlvantage  of  the  combination  balloon  Is  that  it  com¬ 
bines  the  blc^  ascent  rate  of  the  streamline  bakUoon  In  the  lover 
altitudes  vlth  the  high  ascent  rate  of  the  thln-vallod  spherical 
balloon  in  the  hl|^r  fli^t  altitudes.  Tha  streamline  balloon  car- 
rlea  the  assembly  rapidly  to  3C‘.000  feet.  The  streamline  balloon  I0 
designed  to  bxuet  at  this  altitude.  Instead  of  its  noimal  altitude 
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COMBINATION  BALLOON  COMPONENTS 

FIG.  2 
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of  75,000  foot,  oBd  foU  Mar  trcm  tte  iwior  DfcUoon.  Tbo  laaor 
boUoon,  now  strlppod  of  tho  dood  wol^t  of  tho  outor  bollooo,  not 
Inerooood  froo  lift  ond  pioooodo  to  ocooloroto  ot  tbo  uppor  lorol  of 
fXi5bt  vboro  noiaolly  o  itrooBliBo  balloon  would  dteolorato. 

Figaro  6  ohowo  how  tho  Innor  ophorioal  boUoon  alono 
otartt  out  at  tbo  flow  rato  of  900  foot  por  rnlnuto,  roachJLng  around 
1500  foot  por  Blnute  noar  70,000  foot,  Itoo  balloon  then  acceleratoi 
aoro  rapidly  fron  70,000  foot  untilburot  noar  100,000  foot,  roacblng 
aoeent  ratos  ao  high  ao  2100  foot  por  alnuto.  On  tho  othor  hand, 
the  Btreanllno  balloon  alono  (Fig.  7)  otarto  off  at  around  1600  foot 
por  alnuto  and  roaches  an  aseont  rato  froa  2700  to  3000  foot  por 
alnuto  noar  50,000  foot,  Tho  aseont  rato  drops  sharply  In  the  next 
10,000  foot,  frequently  by  as  aueh  as  1000  foot  por  alnuto,  and  then 
deceloratos  further  until  burst.  Tha  sharp  decoloration  Is  duo  to 
the  balloon's  going  thxouc^  the  critical  Reynolds  nuaibor,  character¬ 
istic  of  a  body  of  revolution,  and  roprosents  a  transition  froa  tur¬ 
bulent  to  laalnar  flow. 

‘Hie  coabinatlon  balloon  (Plj^*  3  and  9)  ecablnos  the  ad¬ 
vantages  of  both  balloons.  It  starts  out  around  l^tOO  feet  per  aln- 
ute,  accelerating  as  a  stroaallne  balloon  to  2200  foot  por  alnuto, 
with  peak  rates  often  as  hl^  as  2500  feet  per  minute  noar  50,000 
feet.  Its  aseont  rate  Is  lowor  than  a  streaallne  balloon  alone  up 
to  50,000  feet,  since  It  has  to  carry  the  welc^t  of  tho  inner  bal¬ 
loon  as  well,  7b»  stroaallno  balloon  is  confounded  to  burst  at  this 
altitude  Instead  of  continuing  on  to  75,000  feet,  oven  thou^  the 
streamline  balloon  might  have  a  slight  advantage  over  tho  spherical 
balloon  between  50,000  and  60,000  foot  (see  shaded  area).  Tho  rea¬ 
son  for  this  is  to  prevent  burst  of  the  Inner  balloon  upon  burst  of 
the  outer  balloon  on  a  consistent  basis.  The  inner  spherical  bal¬ 
loon  moves  along  at  around  1^400  feet  per  minute,  slowly  Increasing 
in  ascent  rate  \mtll  It  reaches  70,000  feet  when  It  picks  up  to 
1600  feet  per  minute,  then  accelerating  more  rapidly  to  as  high  as 
2100  feet  per  minute  near  100,000  feet. 

The  average  aucent  rate  to  100,000  feet  Is  approximately 
1700  feet  per  minute  in  the  daytime  and  1600  feet  per  minute  at 
night.  Nighttime  ascent  rates  are  generally  lower  than  daytime 
rates  for  the  same  volumes  of  hydrogen  for  all  balloons.  This  is  due 
to  the  fact  that  solar  radiation  Increases  the  free  lift  of  a  bal¬ 
loon  In  the  daytime  by  creating  a  super  heat  within  the  balloon. 

The  temperature  of  the  gas  Inside  can  be  as  ouch  as  warmer  than 
the  air  outside  the  balloon  from  50,000  feet  on  iqp  to  burst.  At 
nlj^t,  on  the  other  hand,  the  gas  temperature  is  5  to  lO^C  cooler 
than  the  air  temperature.  The  balloon  at  nlc^t  therefore  displaces 
a  correspondingly  smaller  volume  of  air  and  has  a  lower  free  lift 
than  does  the  balloon  Ai-iHng  the  daytime  at  similar  altitudes.  Since 
the  Axay  considers  it  Important  to  have  a  single  balloon  for  both  day 
and  night  iise,  this  discrepancy  in  perfomanee  must  exist  unless  a 
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larger  volume  of  gee  can  be  used  for  nighttime  performance.  In 
order  to  obtain  satisfactory  altitudes  at  night,  che  balloon  manufac¬ 
turer  must  Incorporate  larger  amounts  of  plasticiser  into  Ms  com¬ 
pound}  otherwise  the  balloon  films  would  freess.  TMs,  in  turn, 
softens  the  balloon  film  and  reduces  the  ascent  rate  in  the  daytime 
to  some  extent  so  that  actually  a  compound  designed  strictly  for  day¬ 
time  use  would  produce  a  balloon  capable  of  ascent  rates  between 
1800  and  even  as  high  as  1?00  feet  per  minute  rather  than  only  1700 
feet  par  minute. 

Problems  of  Balloon  Inflation  and  Rigging 

In  order  to  make  the  combination  balloon  a  practical  field 
tool,  it  is  necessary  to  provide  a  balloon  which  requires  a  minimum 
of  skill  in  Inflation  and  rigging.  Since  the  inner  balloon  is  quite 
a  long  balloon,  it  must  be  folded  inside  the  considerably  shorter 
streamline  outer  balloon.  During  the  earlier  stages  of  inflation, 
gas  pockets  can  develop  wMch  can  pinch  off  large  sections  of  the 
inner  balloon  and  prevent  full  inflation  of  all  parts  of  the  bal¬ 
loon,  thus  causing  either  premature  burst  on  the  ground.  Irregular 
shapes,  or  premature  burst  during  flight.  The  use  of  a  very  fine 
lubricating  dry  talc  between  the  two  balloons  has  largely  eliminated 
this  problem  and  produced  a  very  consistent  performance  to  100,000 
feet.  The  talc  allows  the  balloons  to  glide  readily  and  expand 
without  constricting  the  inner  balloon. 

Another  device  being  considered  is  to  have  a  thin  one-inch 
polyethylene  inflation  tube  packed  throughout  the  inner  balloon. 

The  Inflation  tube  has  holes  throughout  its  length,  allowing  the  gas 
to  escape  through  all  sections  of  the  inner  balloon.  Initial  tests 
on  tMs  device  are  promising.  Procedures  for  Inflating  tMs  balloon 
are  expected  to  be  routine  and  similar  to  those  used  in  inflating 
streamline  balloon  HL-51:1)  which  is  Inflated  in  a  manner  similar  to 
a  spherical  balloon  since  it  has  two  necks  and  is  inflated  from  the 
top  neck  and  then  Inverted  at  launching. 

In  order  to  gain  maximum  benefit  with  regard  to  increasing 
the  free  lift  of  the  inner  balloon  at  50,000  feat  where  the  outer 
balloon  bursts,  it  is  obviously  desirable  to  discard  as  much  of  the 
outer  balloon  as  possible.  The  manufacturer  has  successfully 
designed  the  outer  balloon  film  compound  to  do  two  tMngs:  first, 
to  allow  it  to  burst  without  recovery,  l.e.,  wit' out  a  snap-back 
which  could  burst  the  inner  balloon;  secondly,  to  permit  separation 
of  most  of  the  balloon  from  the  inner  balloon.  These  were  accom¬ 
plished  by  controllng  the  cure  or  vulcanization  phase  of  manufac¬ 
ture.  However,  to  Insure  separation  of  most  of  the  outer  balloon, 
mechanical  devices  have  to  be  employed.  Both  of  these  are  illus¬ 
trated  in  Fig.  3.  In  the  case  of  the  hook,  when  the  outer  stream¬ 
line  balloon  breaks,  the  cord  holding  it  to  the  train  line  slides  off 
the  hook.  The  other  release  device  employs  a  five-inch  balloon 


572 


SBABBfOtf 


dtil^Md  to  bunt  At  «  dlMWtor  of  ton  Inobooi  vhlob  oorroopoodo  to 
•pproaclnotoly  50^000  foot  in  oltitudo.  Vbon  till#  bolloon  buxoto^  ttao 
boUoon  Inrorto  ond  tbo  lood  1«  tohon  up  by  tho  nook  of  tlio  innor 
bi^  ultltudo  bolloon.  Booouoo  tbo  onoU  bolloon  irlll  gonoroUy  not 
burst  slJKtltoaoously  vitb  tbo  outor  strooallno  bolloon^  tbls  dtrloo 
Is  not  oonsldorsd  os  rslioblo  os  tbo  book.  txporlBsnts  oro  eontlnu- 
ing  vitb  tbo  book. 

COMCLUBZOaB 

1.  Tbo  oosft)inotion  bolloon  xo]^sonts  not  only  o  solution  bors- 
tofors  unobtoinoblOf  but  olso  o  jurootiool  solution  to  tbo  problon  of 
obtolning  o  bigb-oltituds  fost-rising  bolloon. 

2.  Zt  providss  tbo  oopObillty  of  asoting  AT  v  roq>iirsasnts  in  o 
singlo  bolloon. 

3.  Tbs  bolloon  is  ooopotiblo  vitb  oquipsonts  eurrontly  undsr 
dovolopaont  for  inflating  ond  Isaiinohlng  bolloons  ond  vitb  ground 
troeklng  oquipsMnt. 
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Thart  hava  baan  fav  If  any  formal  Invaatlgatlona  Into  tha 
affacta  of  maaaiva  and  acuta  doaaa  of  radiation  on  ongoing  laamad 
bahavior  of  primataa.  Tha  raporta  by  Allan,  Brotm,  Logia,  Rovnar, 
Wilaon  and  Zallmar  (1),  Wllaon  (15),  Pickarlng,  Langham  and  Rambach 
(14)  and  Zallmar  and  Plckaring  (16)  all  mantion  ''clinical  obaarva» 
tlona"  or  "ganaral  bahavior."  Thaaa  obaarvatlona  Hat  a  larga  numbar 
of  aymptoma  and  aigna.  Ataxia,  nyatagmua,  convulalona,  ate.,  ara  all 
liatad  and  aaaociatad  with  cantral  narvoua  ayatam  damaga.  Tha  aigna 
of  hamatopoiatic  attenuation  include  ulceration,  aapticamla,  purpura 
of  tha  akin,  gaatrolntaatina'.  bleeding,  ate.  Oaatrolntaatinal 
involvamanta  have  baan  liatad  aa  including  diarrhea,  vomiting, 
anorexia,  ate.  Allan  at  al.  (1)  mentioned  an  amorphoua  aymptom  com¬ 
plex  irtilch  they  called  "debility,  conaiating  of  an  extreme  loaa  of 
intereat  in  all  aurroundinga,  diainclination  or  inability  to  move, 
and  a  tendency  to  alt,  unmoving  and  huddled  over  with  a  bo%rad  head 
and  a  ruffled  fur..."  (p.9).  While  auggaativa,  thaaa  obaarvatlona 
tell  little  if  anything  about  learned  and  highly  motivated  bahavior 
following  maaalva  doaea  of  radiation. 

Several  atudiea  in  the  paat  have  attempted  to  determine  how 
high  doaea  of  radiation  affect  cognitive  facultlaa.  One  of  the 
ear Heat  (8)  radiated  monkaya  with  880  to  28,000  r  at  1,000  r  par 
minute  and  teated  3  mlnutaa,  1  hour  and  8  houra  after  axpoaure.  All 
animala  refuaed  to  reapond  to  all  taata.  Tha  loaa  of  motivation  ba- 
cauae  of  nausea  and  vomiting  probably  accounted  for  the  animala*  re¬ 
fusal  to  be  tested.  Langham  et  al.  (8)  concluded,  among  other  thiigs, 
that  it  was  not  Justified  "...to  draw  specific  concluaions  as  to 
their  inability  to  respond  under  duress  (radiation  exposure)  as  would 
apply  to  a  military  situation"  (p.3).  These  investigators  also 
stated  chat  "general  observations"  suggest  that  about  5,000  r  pro¬ 
duced  "incapacitation  within  a  few  minutes."  Riopelle,  Grodsky  and 
Ades  (13)  tested  rhesus  monkeys  following  exposure  to  350  to  2,000  r. 
In  tests  of  delayed  response,  avoidance  conditioning  and  visual  dis¬ 
crimination  only  the  latter  teat  was  able  to  distinguish  between 
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radiated  and  control  anlmele.  Sate  given  5,000  r  to  the  head  leemed 
a  T  naae  60  daye,  30  days  or  immediately  after  exposure  In  fewer 
trials  than  non<-lr radiated  rats  (2)  and  a  retention  test  demonstrated 
equal  or  superior  performance  for  the  radiated  rats  3  to  80  days 
post  exposure  (3).  Pickering,  Latigham  and  lambach  (14)  reported  on 
work  by  Kaplan  and  his  group  showing  results  which  failed  to  yield 
"clear-cut  differences  between  pre  and  post  radiation  error  scores 
for  any  of  the  dose  levels"  (p.  34)  in  a  msee  experiment  using  shock 
to  motivate  monkeys  to  mike  visual  discriminations.  One  of  the  im¬ 
portant  conclusions  made  by  Kaplan  was  the  existence  of  a  wide  range 
of  individual  reactions  to  radiation  exposure.  It  was  hard  to  dis¬ 
cern,  however,  whether  the  differences  between  Individual  monkeys 
were  greatest  for  radiation  effects,  the  behavior  being  tested,  or 
some  complex  Interaction  of  the  two. 

In  studies  reported  by  Casey  (6)  goats  received  mixed 
neutron  and  gamma  radiation  and  were  then  transported  from  the 
reactor  alte  to  the  behavioral  test  site  and  Imnedlately  subjected 
to  testing  in  an  obstacle  course.  The  incentive  to  run  this  obsta¬ 
cle  course  was  social.  Social  incentives  have  been  shown  to  be  more 
motivating  than  food  incentives  in  certain  physiological  states  (10). 
Casey  reported  it  Impossible  to  test  any  goat  after  receiving  50,694 
rads,  five  out  of  seven  animals  being  unable  to  respond  In  any  way 
after  24,347  rads. 

Exposure  of  the  whole  body  of  mammals  to  large  doses  of 
Ionising  radiation  at  high  rates  results  In  performance  decrements. 
The  time  course  and  the  quality  of  the  behavioral  decrements  is  still 
obscure.  This  Is  especially  true  for  highly  motivated  tasks  which 
call  for  simple  but  continuous  performances. 

With  the  advent  of  modem  techniques  of  behavioral  control 
and  the  development  of  a  prlmate-restralnlng  apparatus  (12)  It  is 
now  possible  to  test  a  wide  variety  of  behaviors  before,  during  and 
after  irradiation.  In  addition,  methods  of  programing  and  recording 
on-golng  behavior  can  be  remote  and  automatic. 

It  was  the  purpose  of  this  study  to  Investigate  how  a  rela¬ 
tively  simple,  highly  motivated  task  which  required  periodic  re¬ 
sponding  would  be  affected  by  massive  and  acute  doses  of  whole  body 
x-lrradiatlon. 

Procedures 

Adult  male  primates  (macaca  mulatta)  procured  by  the 
Department  of  Laboratory  Animals,  Walter  Reed  Army  Institute  of 
Research,  were  used.  Weight  ranged  from  3.8  to  5.2  kg.  Throughout 
all  experiments  the  principles  of  laboratory  animal  care  as  promul¬ 
gated  by  the  National  Society  for  Medical  Research  were  observed. 

All  monkeys  remained  in  the  restraining  apparatus  throughout 
all  experiments.  Attached  to  the  restraining  apparatus  were  a  bank 
of  multicolored  stimulus  lights,  a  hand  response  key  (modified  tele¬ 
graph  key),  and  a  pair  of  wires,  one  to  the  foot  rest  and  one  to  the 
metal  seat,  lor  administering  electric  shock.  Also  located  In  the 
monkey's  environment  was  a  loud  speaker  wired  to  a  "white  noise" 
generator  to  attenuate  cues  and  noises  from  outside  the  small  booth 
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ill  which  Che  monkey  lived.  Autometlc  timing  end  switching  circuits 
located  outside  the  booth  programed  each  event  curing  each  session. 

After  3  Co  6  weeks'  habituation  to  the  chair,  avoidance 
behavior  was  conditioned  In  the  following  manner.  While  In  Che  re¬ 
straining  apparatus  Che  animal  was  shocked.  If  the  animal  did  not 
respond  to  this  first  shock  by  depressing  Che  response  key  he  con¬ 
tinued  to  receive  shocks  at  the  rate  of  one  every  2  seconds  (shock- 
to-shock  Interval  or  S-S  Interval).  Each  time  the  monkey  pressed 
the  lever  he  postponed  the  next  shock  for  10  seconds  (response-to- 
shock  Interval  or  R-S  Interval).  The  shock  duration  was  fixed  at 
350  ms;  the  Intensity  was  approximately  10  mA.  Initially  the  behav¬ 
ior  was  "shaped"  to  the  correct  response,  l.e.,  any  movement  In  the 
vicinity  of  the  response  key  resulted  In  postponement  of  the  next 
shock  for  10  seconds.  This  phase  of  training  usually  required  1  to  2 
hours.  Finally,  only  a  downward  movement  of  the  key  served  to  post¬ 
pone  shock;  holding  the  key  down  did  not  delay  the  shock  for  more 
than  the  10-second  Interval. 

As  soon  as  Che  monkey  began  to  press  the  key  sufficiently 
often  to  Indicate  to  the  experimenter  that  some  conditioning  had 
occurred,  the  following  change  was  made.  The  R-S  Interval  was  pro¬ 
gressively  shortened  until  a  response  was  required  every  2  seconds. 
The  S-S  Interval  remained  at  2  seconds.  An  animal  making  avoidance 
responses  30  times  per  minute  could  avoid  all  shocks  If  the  responses 
were  evenly  spaced.  This  final  schedule  was  chosen  to  provide  a 
stable  response  rate  to  compare  against  post-irradiation  effects.  In 
order  to  avoid  undue  fatigue  a  schedule  of  working  for  30  minutes  and 
then  resting  for  30  minutes  was  employed;  this  1-hour  period  was 
called  a  session.  The  work  period  (S^)  was  signaled  to  the  monkey  by 
a  red  light,  the  rest  period  (S^)  by  a  green  light. 

As  the  animal's  performance  became  more  proficient  the  num¬ 
ber  of  consecutive  sessions  was  gradually  increased  over  a  period  of 
3  to  4  weeks,  to  a  total  of  50  or  72  sessions.  That  Is,  an  animal 
would  be  on  schedule  either  50  or  72  hours.  At  the  completion  of  a 
run  24  to  28  hours  would  intervene  before  the  beginning  of  the  next 
run.  Water  and  food  were  available  at  all  times. 

When  the  animals  were  radiated  an  automatic  safety  circuit 
was  added  to  the  program.  This  circuit  was  so  designed  that  If  the 
monkey  did  not  respond  after  six  consecutive  shocks  he  was  given  a 
brief  2-mlnute  "safety-break."  At  the  end  of  this  2-minute  period 
the  regular  avoidance  schedule  was  continued.  This  procedure  pre¬ 
vented  the  animal  from  receiving  large  numbers  of  shocks  during 
states  of  incapacitation. 

After  thorough  training  the  animals  were  moved  to  the 
National  Institutes  of  Health  and  habituated  to  the  procedures  of 
irradiation.  The  habituation  consisted  of  nx>vlng  the  Bu>nkey,  In  the 
restraining  chair,  from  the  living  booth  to  a  position  directly  under 
the  Van  de  Graaff  shutter.  A  cable  connecting  the  programing  and 
recording  apparatus  to  the  equipment  on  the  chair  In  the  exposure 
room  made  It  possible  to  record  responses  during  habituation  and 
Irradiation.  Because  the  opening  and  closing  of  the  shutter  made 
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conaldarable  nolaa,  a  tranalent:  but  marked  increaae  In  reaponae  latu 
alvaya  followed  abutter  operation.  It  took  aeveral  weeka  to  habltu** 
ate  the  anlmala  to  theae  nolaea.  After  complete  habituation,  how¬ 
ever,  It  waa  Impoaalble  to  detect  any  change  In  reaponae  rate  upon 
operation  of  the  shutter.  While  In  the  exposure  room  the  monkey  waa 
monitored  via  closed  circuit  television  at  all  times. 

After  coiiq>lete  habituation  three  sham  Irradiation  runs  were 
made.  These  served  to  provide  baselines  to  which  post-lrradlatlon 
behavior  could  be  compared.  These  sham  runs  were  Identical  to  the 
Irradiation  runs  In  every  way  but  for  radiation. 

On  the  day  of  Irradiation  two  normal  sessions  were  com¬ 
pleted.  During  the  second  sA  period  the  monkey  was  moved  under  the 
Van  de  Graaff  with  the  center  of  his  head  42  cm  below  the  center  of 
the  x-ray  target;  the  connecting  cable  was  attached  to  the  chair, 
the  television  monitors  turned  on  and  the  exposure  room  closed. 

The  moving  and  adjustments  Interrupted  the  period  for  from  5  to 
10  minutes.  At  the  appropriate  time  the  next  period  was  started. 
After  3  minutes  the  shutter  opened  and  Irradiation  continued  for 
periods  of  from  6  to  22  minutes  depending  upon  the  total  dojage  de¬ 
sired.  After  completion  of  Irradiation  and  the  period  the  mon¬ 
key  was  moved  back  to  his  living  booth  and  the  programed  schedule 
continued  until  death.  The  3  mev  Van  de  Graaff  unit  at  the  National 
Institutes  of  Health  was  used.  It  was  operated  at  2.5  mev  x-rays 
(HVL  •  9,6  mm  Fb.);  and  current  values  of  0.6  to  0.8  mA.  Exposure 
rate  varied  from  approximately  1,500  to  1,900  r  per  minute.  Focal 
distance  was  42  cm  and  coincided  with  the  center  of  the  brain. 
Dosimetry  was  done  with  a  standardised  Ionisation  chamber  placed  in 
the  same  position  as  the  brain  (42  cm).  This  chamber  was  used  to 
calibrate  a  current  Integrator  connected  to  a  transmission  Ionisa¬ 
tion  chamber  to  determine  total  dosage. 

Results 

Figure  1  shows  the  average  number  of  responses  per  minute 
plotted  against  sessions  for  monkey  X-955  and  demonstrates  that  a 
stable  response  rate  prior  to  Irradiation  was  achieved.  Note  that 
after  215  hours  of  successive  30^1nute  work  and  30-mlnute  rest 
periods  there  was  no  diminution  In  responding.  The  average  of  the 
first  20  and  last  20  sessions  was  163  4  2  reayonaes  per  minute.  The 
overall  response  rate  averaged  almost  six  times  that  required  to 
avoid  all  shocks.  The  SA  responses,  or  responses  during  the  rest 
period,  show  only  occasional  bursts  and  these  usually  coincided  with 
disturbance  of  the  monkey  for  cleaning  or  feeding.  Only  this  monkey 
was  worked  for  215  hours,  all  the  rest  worked  for  either  50-  or  72- 
hour  periods. 

10.000  r 

Figure  2,  plotted  In  the  same  way  as  Figure  1  but  with  the 
mean  and  standard  deviations  from  the  previous  control  runs  indi¬ 
cated,  shows  the  debilitating  effect  of  10,000  r.  Prior  to  irradia¬ 
tion  monkey  C-546  responded  at  an  average  rate  of  223  responses  per 
minute.  Ninety-nine  percent  of  the  time  his  normal  rate  was  bitween 
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180  and  266  raaponaaa  par  mlnuta.  Tha  antira  ranga  of  8^  raaponaaa 
wai  batwaan  0  and  109  raaponiaa. 

Ian  thouaand  roantgana  dallvarad  during  tha  third  parlod 
appaarad  to  hava  a  tranalant  affact  on  tha  following  aaaalon,  and 
within  2  houra  poat-lrradlatlon  thara  waa  conplata  racovary.  Follow* 
Ing  tha  racovary  thara  waa  a  alow  Irragular  dacllna  In  tha  raaponaa 
rata  but  not  until  tha  forty*alxth  aaaalon  waa  tha  rata  balow  tha 
minimum  laval  raqulrad  to  avoid  all  ahocka.  From  tha  forty-ninth 
aaaalon  until  daath  In  tha  aavanty-aavanth  aaaalon,  C-546  mada  only 
apaamodlc  raaponaaa.  Xha  animal  dlad  78  houra  aftar  Irradiation. 

It  can  bo  aald  that  ha  parfoxmad  within  thraa  atandard  davlatlona  20 
to  25  houra  aftar  Irradiation  and  auccaaafully  avoldad  moat  ahocka 
for  about  40  houra  poat-lrradlatlon.  Thara  aaamed  to  ba  llttla  changa 
in  raapondlng  following  Irradiation. 

Ganaral  bohavloral  obaarvatlona  includad  tha  uaual  algna  of 
vomiting  and  dlarrhaa  during  and  Imnedlataly  following  Irradiation, 
followod  by  vortical  nyatagmua  (15  houra)  with  Incraaalng  ataxia 
(17  to  20  houra).  Thara  waa  no  aign  of  loaa  of  intaraat  in  hia 
aurroundlnga  or  Inability  to  mova  aa  raportad  by  Allan  at  al.  (1) 
until  33  to  38  houra  poat-lrradlatlon. 

Radiation  affactad  the  parformanca  of  two  additional  annkaya 
In  much  the  aama  way  aa  It  did  C-546.  Thara  waa  a  tranalant  dacllna 
In  raapondlng  during  or  ahortly  following  axpoaure  and  than  a  return 
to  normal  or  near  normal  for  aavaral  houra.  When  behavioral  dlalnta- 
gratlon  did  occur  It  waa  marked,  aavara,  rapid  and  relatively  paman- 
ent.  Daath  followed  irradiation  In  58  and  89  houra,  raapactlvaly. 

The  general  obaarvatlona  recorded  for  thaaa  two  monfcaya  ware 
quite  aimilar  to  thoae  for  C-546.  One  animal  did  ahow  ataxia  be¬ 
ginning  during  aeaalon  31  (29  houra  poat-lrradlatlon).  Ataxia  waa 
flrat  noted  25  houra  poat-lrradlatlon  In  tha  other  animal. 

Monkey  C-545  ahowed  a  marked  decline  In  reaponae  rate  fol¬ 
lowing  Irradiation,  thla  auppreaaad  reaponae  rate  paraiatlng  until 
death  at  181  houra.  The  perfonnance  waa  reliably  and  conalatently 
below  normal  levela  even  though  he  lived  twice  aa  long  aa  the  three 
anlmala  reported  above.  The  reaponae  rate  waa  uniformly  low  aug- 
geating  tha  continuing  diacrimlnatlon  of  the  work  and  reat  perioda. 

The  last  iwo  anlmala  In  thla  aerlea  exhibited  reaponaea  to 
the  Irradiation  not  seen  In  the  flrat  four  anlmala.  After  raapondlng 
adequately  for  65  and  34  houra,  raapactlvaly,  there  waa  the  uaual 
audden  and  marked  ceaaatlon  of  raapondlng  which  In  all  other  monkeya 
heralded  death.  However,  after  30  or  13  houra  a  dramatic  "recovery" 
waa  made  and  for  a  period  of  either  35  or  50  houra  they  reaponded  at 
below  normal  levela  but  with  ratea  high  enough  to  avoid  moat  ahocka 
(aee  Figure  3).  During  the  period  of  apaamodlc  or  no  reaponae  the 
anlmala  continued  to  receive  ahocka  at  the  rate  of  one  every  2 
aeconda.  If  there  waa  no  reaponae  for  alx  conaecutlve  ahocka  the 
2-mlnute 'Safety  break"  waa  Introduced;  at  the  end  of  the  2-mlnute 
period  the  ahocka  were  again  delivered.  During  theae  houra  of  no 
recorded  reapondlng  the  anlmala  were  alert  and  reaponded  to  the 
ahocka  with  vocallaatlona  and  attempta  to  hit  the  reaponae  lever, 
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but  btcAuM  of  lAVArA  AtAxla  ••etMd  unAblo  to  do  so.  Musclo  strength 
And  tonus  wsre  nsAr  nonnAl  as  tasted  by  grasping  the  paws  and  Judging 
the  vigor  of  the  resultant  reaction. 

The  clinical  obaervatlons  for  these  two  animals  followed  a 
time  course  similar  to  that  for  all  the  other  animals  with  the  excep¬ 
tion  of  time  of  death  (170  and  123  hours,  respectively).  The  first 
signs  of  ataxia  were  noticed  between  24  and  32  hours  after  exposure; 
one  vomited  while  In  the  exposure  room  and  again  40  minutes  after  re¬ 
moval  from  the  room.  Vertical  nystagmus  was  present  42  and  37  hours 
after  irradiation.  Diarrhea  was  present  In  both  animals  24  hours 
post-lrradlatlon. 

20.000  r 

Irradiation  of  the  whole  body  with  20,000  r  effectively 
con^ressed  the  time  course  of  various  behavioral  events.  All  animals 
were  dead  21  hours  after  Irradiation;  all  effective  responding,  l.e., 
an  average  response  rate  above  30  per  minute,  ceased  after  11  hours 
and  In  some  cases  after  only  2  hours.  For  an  example  of  the  debili¬ 
tating  effects  of  20,000  r  on  this  form  of  behavior,  see  Figure  4. 
This  figure  Is  presented  In  the  saise  manner  as  the  previous  data  for 
the  10,000  r  monkeys. 

All  monkeys  exhibited  severe  vomiting  during  and  for  an 
hour  after  Irradiation.  Two  appeared  to  have  vestibular  Involvement 
for  a  short  time  during  Irradiation  but  did  not  manifest  this  while 
being  moved  from  the  exposure  room  or  at  any  time  after.  One  animal 
appeared  on  the  television  monitor  to  have  become  somewhat  stuporous 
and  the  response  rate  decreased  to  a  point  where  a  few  shocks  were 
delivered.  However,  after  6  minutes  the  rate  of  responding  Increased 
and  was  maintained  at  an  adequate  level  for  the  balance  of  the 
session.  The  response  of  this  monkey  prooqpted  a  change  In  the  data 
collection  and  analysis  which  was  used  on  all  animals  receiving 
40,000  r. 

40.000  r 

After  only  1  hour,  behavior  was  severely  disrupted  follow¬ 
ing  a  whole  body  dose  of  this  magnitude.  All  animals  were  dead  7 
hours  after  Irradiation  and  effective  response  rates  were  not  main¬ 
tained  for  longer  than  2  hours. 

Because  some  animals  appeared  to  lose  consciousness  during 
radiation  exposure,  a  modified  method  of  recording  responses  dur¬ 
ing  the  Irradiation  session  was  Introduced.  The  number  of  responses 
for  each  minute  was  recorded  In  addition  to  the  total  for  the  entire 
Sl)  period.  The  mlnute-by-mlnute  response  rates  were  plotted  for  the 
session  Imsiedlately  before  Irradiation  and  for  the  Irradiation 
session  for  each  monkey  as  Illustrated  In  Figure  5  for  monkey  C-397. 
Note  that  after  only  3  minutes  of  exposure  all  responding  had 
stopped,  but  before  the  total  dose  had  been  delivered  the  response 
rate  had  started  to  return  to  normal.  Before  the  full  30-mlnute 
session  was  completed,  the  monkey  was  responding  at  normal  levels. 
Bven  after  the  loss  of  consciousness  and  severe  vomiting,  C-397  was 
motivated  by  the  electric  shocks  to  find  the  response  lever  and 
press  It  at  a  high  rate.  Two  additional  animals  stopped  responding 
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during  irradiation  and  than  raturnad  to  naar  nomal  lavala  by  tha  and 
of  tha  radiation  aaaalon. 

Flgura  6  auiflnariaaa  tha  findings  of  tha  praaant  axparlmant. 
Tha  doaa-tlna  ralatlonahlpa  for  tlna  of  death,  last  racordad  raaponsa^ 
tha  start  of  complata  bahavloral  dlslntagratlon  (which  Is  that  point 
whera  rasponsa  ratas  droppad  to  naar  saro  lava Is),  and  whan  tha  last 
responsa  fall  within  thraa  standard  davlatlons  of  control  values  are 
plotted  as  a  function  of  total  dosage.  For  tha  10,000  r  group  there 
was  a  period  of  at  least  60  hours  between  tha  last  **noniial*'  sessions 
and  death.  As  tha  total  dose  Increased,  tha  difference  between  these 
two  points  became  lass,  but  there  was  still  about  15  hours  at  20,000 
r  and  5  or  6  hours  at  40,000  r. 

Discussion 

The  results  of  this  experiment  Indicate  quite  clearly  that 
the  use  of  behavioral  Indexes,  as  opposed  to  survival  times,  should 
result  In  a  marked  readjusticent  of  the  time  lines  for  a  realistic 
evaluation  of  the  effects  of  Ionising  radiation  In  military  and  civil 
defense  situations.  The  primates  used  In  this  experiment  %rere  highly 
motivated  to  perform  a  relatively  slnq>le  task  yet  the  behavior  was 
markedly  deficient  as  much  as  60  hours  prior  to  death  (In  the  10,000  r 
group).  The  variability  In  both  survival  time  and  the  onset  of 
deterioration  of  behavior  for  the  10,000  r  group  Is  difficult  to 
explain.  The  survival  times  reported  by  Langham,  at  al.  (8),  Langham, 
Rothermel,  Woodward,  Lushbaugh,  Storer  and  Harris  (9),  Allen,  et  al. 
(1),  Wilson  (15)  and  Pickering,  et  al.  (14)  all  show  considerable 
Interanlmal  and  Interexperlnental  variability.  Some  of  the  variabil¬ 
ity  Is  probably  due  to  the  quality  and  rate  of  radiation  used  In  the 
reported  experiments.  Apparently,  the  response  of  rhesus  monkeys  to 
Ionising  radiation  of  doses  In  the  neighborhood  of  10,000  r  Is  highly 
variable.  This  Is  true  whether  survival  time  or  behavioral  parameaas 
are  used  as  the  reference  dependent  variable. 

The  variability  at  10,000  r  introduced  Into  these  experi¬ 
ments  could  be  due  to  the  'Hnode”  of  debilitation.  With  a  total  whole 
body  dose  slightly  less  than  10,000  r  death  has  been  attributed  pri¬ 
marily  to  gastrointestinal  dysfunction,  while  at  greater  doses,  a 
central  nervous  system  death  Is  Induced  (14).  There  was  a  certain 
amount  of  Inaccuracy  In  measuring  the  dose  rate  In  the  present  experi¬ 
ments.  It  was  estimated  that  this  error  was  about  0.7  percent.  Sit¬ 
ting  in  the  restraining  apparatus  was  an  experimental  variable  not 
previously  used  in  studies  of  behavioral  radiology  and  conceivably 
could  have  had  an  effect  on  survival  times.  The  monkeys  were  forced 
to  sit  In  an  upright  position  throughout  the  experiment  and  were  sub¬ 
jected  to  an  occasional  electric  shock.  These  shocks,  the  necessity 
of  working  to  avoid  shocks,  and  the  actual  restraints  placed  on  the 
animal  are  all  known  to  be  effective  stressors  as  indicated  by  re¬ 
ported  elevations  of  the  17-hydroxycortlcoateroids  (5)  and  the  pro¬ 
duction  of  gastrointestinal  disorders  (4). 

It  has  recently  been  reported  that  monkeys  Injected  with  a 
neurotrophic  virus,  type  I  poliovirus,  are  protected  from  the  debili¬ 
tating  effects  of  the  virus  If  the  Injection  follows  a  period  of 
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paychologlcAl  atratt  (II).  Th«  aamkaya  vara  atraaaad  by  placing  tham 
on  a  24»hour  avoldanea  raglMn  almllar  to  that  uaad  in  tha  axparl* 
manta  raportad  hara.  If  pollovlrua  and  radiation  can  ba  conaldarad 
naurotrophlc  aganta  £'.nd  If  tha  atraaa  producad  by  an  avoldanea  ached* 
ula  protacta  from  tha  af facta  of  pollovlrua,  than  thia  form  of  atraaa 
may  protect  monkaya  from  radlatlon*lnducad  CMS  daatha. 

In  tha  axparlamnta  with  10,000  r  tha  Intarvala  batwaan  tha 
laat  control  period  and  tha  atart  of  tha  axparlmantal  aaaalon  varied 
from  62  to  228  houra.  Thera  vaa  a  perfect  rank  correlation  batwaan 
length  of  raat  and  aurvlval  tlM.  niat  la,  tha  "raatad"  anlmala 
lived  longer  than  tha  laaa  "raatad**  anlmala.  Table  I  ahowa  tha 
actual  valuaa.  Although  thla  la  In  direct  diaagraamant  with  tha 
hypothaala  that  tha  atraaa  aaaociatad  with  avoidance  behavior  may  ba 
radioprotective.  It  la  auggaatlva  of  a  atraao-protactlon  maehanlam. 
Certainly  more  work  la  neadad  In  thla  araa. 

Table  1 

Data  Shoving  tha  Amount  of  Seat  Prior  to 
Irradiation  and  Survival  Tlmaa 


Animal  Number 


Survival  Tima 
(houra) 


Tima  batwaan  Laat 
Control  Period  and 
Irradiation  (houra) 


The  behavioral  data  for  thia  animal  vara  not  reported  bacauaa  of 
an  equipment  failure. 

It  ahould  ba  ramambarad  that  tha  behavioral  teat  uaad  in 
thia  experiment  waa  under  atrong  motivational  control.  Anlmala  would 
continue  or  attempt  to  continue  to  raapond  even  though  vary  alck. 

The  loaa  of  motor  control  and  the  reaultlng  Inability  to  accurately 
direct  reaponaea  towarda  the  reaponae  lever  occurred  in  all  anlmala. 
However,  the  motivational  propertlea  of  the  reaultlng  ahocka  ware 
marked  and  probably  even  Intanalfied  aa  radiation  illneaa  progreaaed. 

A  large  amount  of  energy  waa  expended  vocal ialng  and  "pawing"  in  the 
area  of  the  reaponae  lever.  Only  during  tha  terminal  atagea  of  the 
experimenta  did  the  ahock  loae  Ita  intenae  motivational  property. 
Studiea  in  other  fleldc  have  ahown  that  monkaya  will  continue  to 
affectively  preaa  the  reaponae  lever  even  during  the  Initial  atagea  of 
uremic  coma  (unpubliahed  data,  thia  laboratory).  Uremia  haa  little 
effect  on  motor  abilitlea.  It  waa  felt  that  monkaya  uaed  in  the 
experimenta  reported  here  would  have  reapondad  for  longer  perloda  of 
time  if  their  motor  apparatua  had  not  been  ao  aerloualy  debilitated. 

A  leas  demanding  response  could  be  conditioned  and  would  probably 
remain  functional  for  a  longer  period  of  time.  Of  more  interest. 


C-126* 

C-140 

0546 

X-541 

X-418 

X-955 

X-545 

40 

58 

78 

89 

123 

170 

181 

62 

98 

120 

210 

216 

225 

228 

SHAH?  «nd  BRADY 


hov«v«r»  would  ba  tha  af facta  of  naaslva  doaaa  of  lonlilng  radlatlona 
on  aanaory  and  tha  ao-eallad  cognltlva  abilltlaa. 

Ona  of  tha  important  concluaiont  to  ba  drawn  from  tha 
reaulta  of  tha  present  axparimant  la  that  for  practical  military  pur¬ 
poses  survival  time,  following  a  lethal  axposura  to  ionising  radia¬ 
tions,  will  ba  lass  useful  than  behavioral  Indexes  for  future  mili¬ 
tary  planning.  This  Is  particularly  true  following  doses  below 
20,000  r.  At  10,000  r  tha  dlffaranca  batwaan  survival  time  and  tha 
tins  whan  tha  animal  last  performed  within  **normal"  limits  averaged 
about  70  hours.  At  higher  doses  this  dlffaranca  bacama  progressively 
lass,  so  that  at  <(>0,000  r  there  was  a  6-hour  dlffaranca.  Doses  of 
this  order  of  magnitude  resulted  In  marked  behavioral  disintegration 
within  30  minutes. 

In  conclusion,  It  seams  safe  to  aasuma  that:  (1)  Compli¬ 
cated  or  Intricate  motor  manipulations  will  be  severely  attenuated  by 
radiation.  (2)  The  shock  avoidance  paradigm  la  a  powerful  motivator 
end  probably  should  continue  to  be  used  In  preference  to  other  forms 
of  motivation  for  animal  experimentation  in  behavioral  radiology. 

(3)  The  use  of  behavioral  Incexes  wl' ^  result  In  a  more  valid  and 
pragmatic  evaluation  of  the  role  of  ionising  radiations  In  military 
end  civil  defense  situations  <7).  (4)  The  techniques  of  long-term 

behavioral  control  and  the  quantitative  nature  of  the  recorded 
behavior  are  valuable  new  tools  for  behavioral  radiology.  (5)  Much 
more  work  on  the  effects  of  massive  and  acute  doses  of  Ionising 
radiation  on  behavior  Is  necessary.  (6)  The  radioprotective  effects 
of  psychological  stress  should  be  carefully  explored. 
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Fig.  2.  A  plot  of  the  post-irradiation  data  for  monkey  #0- 140.  The 
mean  control  rates  of  responding  with  their  standard  deviations  (<^ )  are 
plotted  for  comparisons.  The  complete  range  of  responding  during  rest 
(S  periods  is  also  indicated.  Note  radiation  during  third  session. 


Fig,  3.  A  plot  of  the  post-irradiation  data  for  monkey  #X-418,  The 
data  are  plotted  in  the  same  manner  and  with  the  same  comparisons  to 
control  periods  as  in  Fig,  2,  Note  the  return  of  a  low  response  rate 
following  a  period  of  no  responding  for  10  hours. 
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Fig,  4.  A  plot  of  the  post-irradiation  data  for  monkey  # C-267,  The 
data  are  plotted  in  the  same  manner  and  with  the  same  comparisons  to 
control  periods  as  in  Fig,  2, 
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C  -  397 


Fig.  5.  A  plot  of  the  pre  and  irradiation  session  of  monkey 
#C-397,  Each  point  represents  the  total  responses  made  dixring 
each  minute  of  irradiation.  For  comparison,  the  data  immediately  prior 
to  irradiation  are  given  (the  solid  line)  along  with  that  session's  mean. 
Note  the  complete  cessation  of  responding  during  irradiation  and  the 
“recovery"  of  responding  —  even  while  being  irradiated. 


388 


SH/OtP  and  BRADY 


Z 

o 


Noiiviav^  JO  xbvis  MOdj  siinoH 


iB9 


DOSE 

Fig.  6.  A  suMHiry  of  the  time-doae  relationships  between  survival  times  and  various  behavioral 
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PREDICTED  BLAST  PROPERTIES  OF 
PENTOLITE  AND  THEIR  COMPARISON  WITH  EXPERIMENT 


R.  E.  SHEAR 

U.  S.  Army  Ballistic  Research  Laboratories 
Aberdeen  Proving  Groxind,  Maryland 


INTRODUCTION:  The  prediction  of  the  magnitude  of  several 
significant  parameters  of  the  blast  wave  generated  by  explosions  at 
high  altitudes  (or  at  reduced  ambient  pressures)  is  a  problem  of 
current  interest  to  the  aircraft  and  missile  designer,  and  to  those 
engaged  in  the  study  of  damage  to  such  vt chicles.  Incident  and  re¬ 
flected  pressures,  and  their  variation  with  distance  from  the  ex¬ 
plosive  source,  are  readily  calculated  and  useful  in  the  prediction 
of  damage  caused  by  blast  waves. 


It  has  been  demonstrated  that  the  Brinkley -Kirkwood  shock 
propagation  theory(l)  adequately  predicts  the  variation  of  peak  in¬ 
cident  shock  pressure  with  distance  for  TNT  and  Pentolite  bursts  under 
sea-level  atmospheric  conditions^^^ .  For  example.  Shear  and  Wright 
have  shown  that  if  the  initial  values  required  by  this  theory  are 
obtained  from  appropriate  detonation  calculations,  then  the  resvilting 
pres sure -distance  relation  is  in  excellent  agreement  with  experimental 
observations.  The  thesis  of  the  present  repoi't  is  to  determine  if  a 
similar  agreement  is  obtained  for  biirsts  in  air  at  reduced  pressures. 


Initial  shock  pressures  for  Pentolite  explosions  in  air  at 
ambient  pressures  Po  of  1,  l/lO  and  l/lOO  atmospheres  are  computed 
and  used  as  initial  values  in  the  Brinkley -Kirkwood  Theory  to  obtain 
peak  pres  sure -distance  cmves.  The  reflected  peak  pressure  for 
normal  incidence  can  then  be  obtained  as  a  function  of  distance  from 
the  charge  center  if  one  knows  the  incident  shock  pressure-distance 
relation  and  the  equation  of  state  for  air.  The  reflected  pressure- 
distance  curves  for  Pentolite  b;irsts  in  air  at  1  and  l/lOO  atmospheres 
are  presented  and  compared  with  available  experimental  measurements. 

THE  BRINKLEY -KIRKWOOD  THEORY  AND  INITIAL  VALUES:  The 
Brinkley-Kirkwood  shock  propagation  theory(l)  is  based  on  a 
similarity  constraint  imposed  upon  the  energy -time  curve  of  the 
shock  flow.  The  use  of  this  constraint  and  the  Hugoniot 
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relations  enabled  Brinkley  and  Klrkvfood  to  reduce  the  system  of 
peirtlal  dlfferentleil  equations  describing  the  flow  process  to  a 
system  of  ordinary  differential  equations  for  the  shock  front 
pressure  and  energy  as  functions  of  distance  from  the  charge.  These 
equations  are: 


4(p/Po)  (p/Pq)  f  M(R/Rj^)® 

t  i  +  i-  --i —  J  ' 


(1) 


where  p/p_  Is  the  incident  excess  peak  pressure  ratio  and  R/^,  the 
distance  in  vinlts  of  the  charge  radius  R^^.  Q  Is  a  reduced  energy 
defined  by 


where  is  the  e3q)loslve  density  (1.63  g/cm5)  and  q  is  the  specific 
total  energy  In  the  flow  field.  The  functions  L,  M  and  N 
(Equations  1  and  2)  depend  upon  the  shock  Hugonlot  relations  and  can 
be  tabulated  as  functions  of  p/Pq>  Pq  and  the  ambient  temperature  Tq. 
In  this  work  Tq  sh  ill  be  taken  to  be  JOG^K.  For  the  range  of  ambient 
pressures  considered  here  It  suffices  to  use  the  polytroplc  gas 
relations  In  determining  L,  N  and  N.  The  use  of  the  polytroplc  gas 
Hugonlot  relations  simplifies  L.  M  aztd  N  and  sample  calculations 
Indicate  that  the  solutions  of  (l)  and  (2)  are  relative^  Insensitive 
to  the  change.  With  this  simplification  L,  M  and  N  become  functions 
of  p/Pq  only. 

Equations  (l)  and  (2)  are  to  be  solved  subject  to  the 
specification  of  the  peak  pressure  ratio  ]^/Po  "tke  specific 
energy  of  flow  qj^  at  the  charge  surface  R^^  -  1.  The  determination 
of  Pi/Po  wd  q^,  requires  knowledge  of  the  detonation  state  of  the 
eaploslve^  of  the  equation  of  state  for  the  explosion  products^  of 
density,  pressure  and  energy  as  functions  of  distance  behind  the 
detonation  front,  and  of  the  Isentroplc  expansion  of  the  explosion 
products.  These  calcxilatlons  have  been  performed  for  PentolitevJ)  so 
that  the  Initial  conditions  required  for  the  Integration  of 
Equations  (l)  and  (2)  can  be  obtained  readily  If  one  assumes  that  the 
detonation  process  Is  Independent  of  the  asibient  pressure  p^.  With 
this  assumption  the  detonation  front  values  of  pressxire  p^,  detona¬ 
tion  velocity  D,  etc.,  remain  unchanged  and  the  distributions  of 
press\jre,  density  and  energy  behind  the  detonation  ftront  are  in¬ 
variant  with  respect  to  Pq.  In  particiilar,  the  specific  total 
energy  q^  in  the  flow  field  at  the  time  when  the  detonation  front  has 
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reached  the  surface  of  the  charge  is  constant.  For  the  present  work 
this  value  is  taken  to  be  47568  cm^atm/g  (1152  cal/g),  as  reported 
by  Shearv5), 

The  remaining  value  to  be  determined  is  the  Initial  shock 
pressure  ratio  p^/po  in  air,  i.e.,  p/pq  at  ■  1.  The  initial 

conditions  at  the  time  of  formation  of  the  shock  wave  resulting  from 
the  explosion  of  the  spherical  charge  of  Pentolite  must  be  determined 
from  the  boundary  conditions.  One  such  condition  is  that  the  Initial 
shock  pressure  in  air  must  equal  the  pressiire  in  the  explosion 
products.  This  initial  pressure  is  that  which  results  froa  the 
equalization  of  pressure  resxiltlng  from  the  outgoing  compression  wave 
and  the  ingoing  rarefaction  wave.  In  addition,  the  boundary 
conditions  require  the  equalization,  at  the  Interface,  of  the 
particle  velocity  in  air  and  in  the  explosion  products.  Furthermore, 
the  pressure  and  particle  velocity  in  air  are  related  by  the  shock 
Hugonlot  relations.  These  conditions  determine  the  initial  velocity 
and  presses  at  the  boundary  by  the  simultaneous  solution  of  the 
Equations v^): 


(rarefaction  condition  for  (4) 
explosion  products)  , 


(Hugoniot  condition  for  (5) 
air)  , 

where  p^j  and  are  respectively  the  pressure  and  flow  velocity  at 
the  detonation  front,  and  p  and  c  are  respectively  the  density  and 
sound  speed  in  the  explosion  products. 

The  integral  in  Equation  (4)  has  been  tabulated  by  Shear(5) 
for  the  explosion  products  of  Pentolite.  Equation  (5)  has  been 
computed  for  air  at  different  Pq  from  the  data  of  Hilsenrath  and 
BeckettC?),  The  simultaneous  solution  of  Equations  (4)  and  (5)  yield 
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for 

p^  =  1  atm  , 

Pi/Pq  =  8^ 

for 

Pq  =  1/10  atm  , 

(6) 

P^/Pq  =  1000 

for 

Pq  =  1/100  atm  . 

The  initial  excess  pressures  (6)  and  the  value  of  the 
specific  energy,  ^  *  47568  cm3atm/g,.at  R/R^  =  1  are  the  desired 
initial  values.  Tne  initial  values  of  Q  can  be  determined  from  (5)» 
These  initial  conditions  have  been  used  to  solve  Equations  (l)  aiid 
(2)  for  the  incident  shock  pressure  as  a  function  of  distance.  The 
calculated  pres sure -distance  cuarves  corresponding  to  Pq  »  1,  l/lO  and 
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l/lOO  atmospheres  am. plotted  on  Figure  !•  The  experimental  data  of 
Dewey  and  Sperrazzavo;  for  p^  ■  l/lO  atm  are  also  plotted  on 
Figure  1,  as  well  as  some  experimental  data  corresponding  to 

atm.  The  latter  data  was  extracted  from  Goodman's  complla- 
•  The  agreement  between  the  experimental  data  and  the 
computed  pressures  Is  satisfactory. 

Figure  2  shows  plots  of  the  peak  pressijcre  ratio  vs.  the 
reduced  disteuace  variable,  Pq1/3(r/R2^),  These  curves  Indicate  over 
what  region  Sack's  method  of  scaling  may  be  appropriate  and  the 
regions  where  scaling  must  be  used  with  caution. 

NORMALLY  REIFI£CTED  PRESSURE:  The  shock  front  reflected 
pressure  can  be  computed  easily  If  the  incident  shock  strength  and 
the  equation  of  state  for  air,  relative  to  some  assiuned  ambient 
condition,  are  known.  The  calcxilatlon  merely  requires  the  solution 
of  the  well  known  shock  relations  --  with  appropriate  boundary 
conditions  --  which  govern  the  reflected  shock  wave. 

Normally  reflected  pressure  has  been  calculated  as  a 
function  of  the  incident  pressure  for  the  case  where  the  ambient 
conditions  ahead  of  the  Incident  wave  are  p-  »  l/lOO  atm  and 
Tq  ■  500®k.  Similar  calculations  for  Pq  «  I  atm  and  Tq  ■  500OK  were 
reported  by  Shear  and  McCaneCo),  Kie  results  of  both  calculations 
re  plotted  on  Figure  3*  It  is  to  be  noted  that  there  is  a  marked 
difference  between  the  two  calculations,  indicating  the  influence  of 
ambient  pressxa:*e  p^  on  the  reflected  pressure.  These  calculations  of 
the  reflected  pressure  ratio  P2/P1  and  the  corresponding  calculations 
of  incident  pressure  vs.  distance  of  Figure  1  are  sufficient  to  give 
the  reflected  pressure -distance  relation  of  Figure  4.  The  dashed 
lines  of  these  plots  represent  extrapolations  which  are  based  upon 
som#»  preliminary  calculations  and  estimates  obtained  from  Ziemer'sv9) 
ulatlons. 

The  experiments!,  msasiirements  of  the  reflected  ia*essure 
made  by  Olson  and  Wenig(lO),  Goldstein  and  Hoffman\^'  and  Jackv^^/ 
are  aJ  .0  plotted  on  Figure  4.  In  general  the  agreement  between 
pressvires  given  by  the  curve  and  the  corresponding  experimental  data 
is  e^,  .llent.  The  only  exception  is  that  data  points  of  Jack  in  the 
region  between  7  and  12  charge  radii  appear  to  be  too  low  in 
comparison  with  the  curve. 

Some  measurements  of  reflected  pressxire  for  Pentolite  blasts 
at  reduced  pressure  are  currently  underway  at  these  Laboratories  but 
are  of  such  a  preliminary  nattire  that  they  have  not  been  included 
here. 


tlon(T) 


Reflected  pressvu^s  vs.  distemce  for  Pq  »  l/lO  atm  were  not 
computed  since  only  the  portion  of  the  shock  Hugonlot  in  the 
n«^  Ighborhood  of  the  initial  shock  pressure  was  computed.  Estimates 
may  be  obtained,  however,  from  Figures  5  and  h  and  reference  (9). 
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SUtMABY  AND  CONCIXJSIONSt  Tte  calculation  of  the  Initial 
shock  pressures  f  resulting  from  Pentollte  explosions  In  air  at 
and  at  ambient  pressures  Pg  of  1,  l/lO  and  1/100  atmospheres^ 
provides  one  of  tbs  initial  values  required  for  the  solution  of  the 
differential  equations  of  the  Brinkley-Klrkvrood  propagation  theory. 
The  other  required  initial  value  is  the  energy  in  the  hydrodynamic 
flow  field  at  the  termination  of  the  detonation  state.  These  initial 
values  have  been  obtained  from  the  detonation  calculations  performed 
by  Shear  It  has  been  found  that  the  computed  pressure -^stance 
curves  are  in  agreement  with  experimental  observations.  These 
derived  pressure -distance  curves  and  the  reflected  peak  pressure 
computed  as  a  function  of  Incident  shock  pressure  were  used  to 
obtain  reflected  peak  pressure  as  a  function  of  dlstauice.  The 
computed  reflected  pressures  are  in  excellent  agreement  with  the 
experimental  data  of  references  10-12.  These  experlmentea 
measurements  of  reflected  pressure  resulting  from  a  Pentollte  blast 
are  the  only  direct  measurements  of  reflected  pressure  known  to  the 
author.  Some  blast  exporlmentation  at  reduced  pressures  is  currently 
tinderway  at  these  laboratories  but  this  work  has  not  been  reported  — 
thus  no  conqiarlson  can  be  made  between  predicted  and  measured  values 
of  the  incident  and  reflected  pressures  for  bursts  at  l/lOO  atmos¬ 
pheres. 


The  good  agreement  between  predicted  and  measured  Incident 
pressures  (pq  «  1  and  l/lO  atm)  is  encouraging.  Similar  calculations 
for  different  initial  conditions  and  for  different  explosives  should 
be  made  to  determine  If  similar  agreement  exists  emd  to  determine  the 
limits  of  applicability  of  these  methods.  If  calculations  similar 
to  these  and  the  detonation  calculation  of  Shear (?)  result  In 
reliable  estimates  of  incident  and  reflected  pressure,  then  this 
procedure  provides  a  quick  and  economical  method  of  prediction.  For 
example,  the  Brinkley-Klrkwood  computation  requires  about  2  l/2 
minutes  (input  to  output  time)  on  the  BRI£SC.  In  addition, 
calculations  such  as  described  here,  if  reliable,  provide  Input  data 
for  the  numerical  solution  of  the  hydrodynamlcal  equations  governing 
the  blast  field,  and  provide  results  which  are  useful  for  comparison. 
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FI6.  I-PEAK  EXCESS  PRESSURE  RATIO  vt. 
DISTANCE  IN  CHARGE  RADII 
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FIQ.  2  -  PEAK  EXCESS  PRESSURE  RATIO  vt.  DISTANCE 
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FIG.  3 -NORMAL  REFLECTED  PRESSURE  VSL  INCIDENT  PRESSURE 
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BONOORAR  RBJBCnOV  ZI  «  lIBkL  UI0» 


A.  B.  SZLVERSSn 

ARNBD  FORCIS  ZBSEnUS  OF  BMEBOLOOr 

KikSEZBarar,  d.  c.  20305 


OSm  •lueldation  of  tta*  fUadMontal  noturo  of  tte  iHUBOlogle 
rospooM  In  ata  rtaolas  om  of  ttm  Important  toAl*  of  both  atUtaiy 
•ad  clTlllmn  MdlelM.  Its  l^portaneo  •xtoada  Into  at  ItMt  two 
•TMui  of  iMMdlnt*  and  praetloal  intarast:  tha  inparoaanmt  of  in- 
nonlsation  taehaloa  to  protact  ai^daat  laliNtloiu  dlaaaaa,  and  a 
•olutloa  of  tha  problan  of  tha  InauBoloclc  rajaetion  of  hoaografta 
that  would  pamtt  aora  axtanaiwo  raplaeaaant  of  daaagad  akin  or  othar 
orgtM  tram  com  ladiwldual  to  aaothar*  Adwaneaa  in  both  of  thaaa 
araaa  will  r•q^lxa  nav  laalghta  into  tha  way  la  which  ttaa  ianmologic 
apparatua  dawalopa  aad  tha  naanar  in  irttich  it  funetlooa. 

Ona  of  tba  claacle  approaehaa  to  problaaa  of  this  tgrpa 
that  haa  fhmiahad  uaalhl  infomatioa  in  othar  fialda  of  biology 
haa  boon  tba  atudy  of  tha  dawalopaant  of  warioua  atructuraa  and 
functioaa  ia  tha  isMture  aniaal.  Such  ootofaaatie  atudlaa  aay 
allow  a  elaarar  i^praclation  of  tha  Aiadaaontal  aatura  of  a  biologic 
procaaa,  alnea  tha  ralatloaahlpa  aaoag  dawalopaaatal  ataps  in  tha 
youag  aniaal  arc  often  aaaiar  to  aaa.  In  tha  field  of  Ijanaaology, 
howawar,  tha  ontogaaatie  approach  haa  bean  vary  aueh  naglacted,  and 
only  recently  naa  intaraat  been  awakanad  in  tha  potantiala  of  this 
approach  (1^  2).  !Rm  ralativa  paucity  of  prior  work  on  tha  davalop- 
nant  of  laamologie  eoapatanea,  aapaelally  in  tha  aaBnallan  fiatua, 
has  raquirad  tha  pralialnary  davalopaant  of  a  variety  of  surgical 
approaches  to  tha  fatus  that  would  paxait  tha  study  of  tha  fatal 
raaponae  to  Inainisatioa  aad  grafting  proeaduraa. 


*lfae  invastlgatioaa  daaeribad  la  this  report  vara  parfomad 
in  eoUaboration  with  Xbith  L.  IQraaar,  Captain,  USAP,  VC,  Chief, 
Fitarlaary  Surgery  Branch,  Amad  Forcaa  znatituta  of  Patltology. 
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ISw  fiKtal  luib  vat  ehotec  m  th»  expsrlaontal  aalaal  for 
ttatM  invaatlcatloas  for  savaral  reasons.  Its  ^-aonth  gestation 
period  Is  long  enough  to  pexvlt  a  study  of  the  response  of  the  fetus 
to  various  liBunologlc  procedures  such  as  hoaograftlng  over  an  ex¬ 
tended  period  ^  u^ro.  Its  relatively  large  else,  as  coapared  vlth 
aore  conventional  laboratory  anlaals,  pexalts  greater  ease  of  aanlpu- 
latlon.  In  addition,  the  usually  encountered  twin  pregnancies  In 
sheep  allov  experlaentatlon  vlth  cne  fetus,  reserving  the  second 
tvln  as  an  extreaely  satisfactory  Internal  ccntrol.  Finally,  and 
perhaps  aost  significantly,  the  ovine  placenta  Is  such  that  there 
la  no  passage  of  gaaM  globulins  from  aother  to  fetus  during  ges¬ 
tation.  lot  only  Is  the  fetal  laab  an  agaaaaglobullnealc  prior  to 
birth,  but  one  can  be  assured  that  any  i—ins  response  observed  In 
the  fetus  Is  of  fetal  and  not  aatemal  origin  (3)> 

Sarller  reports  on  the  lanunologlc  response  of  the  fetal 
laab  have  shown  that  this  anlaal  Is  capable  of  fomlng  circulating 
antibodies  In  utero  at  a  very  early  gestational  age  (3}>  This  re¬ 
port  will  discuss  £he  respoMe  of  the  fetal  laab  to  orthotople  skin 
hosMgrafts  in  teras  of  three  principal  areas:  (a)  the  technical 
problaas  associated  with  extensive  surgery -of  the  fetus  without 
Interruption  of  pregnancy,  and  the  solutions  devised;  (b)  results 
of  grafting  of  Isabs  in  utero  at  different  fetal  ages  and  the  events 
surrounding  the  developaeni  of  their  ability  to  reject  skin  hoao- 
grafts  specifically;  and  (c)  the  very  special  characteristics  of  the 
fetal  laab  aodel,  which  peraits  certain  alaost  unlgue  and  critical 
experiaents  on  the  aechanian  of  hoaograft  rejection,  and  the  results 
of  one  such  study. 

IBB  SUmiCAL  HIOBJM 

The  literature  contains  relatively  few  reports  of  successful 
aajor  surgical  work  on  the  aaaaallan  fetus.  Only  one  report  exists 
on  an  attempt  to  study  the  fetal  response  to  hoaografted  skin  In  the 
asaasl.  This  was  the  study  of  Schlnkel  aad  Ferguson  (k).  In  which 
saaU  pieces  of  akin  were  buried  subcutaneously  In  the  fetal  laab. 
These  Investigators  encountered  several  serious  difficulties  In 
their  approach,  however*  A  nuaber  of  these  anlaals  were  aborted 
following  surgery,  losses  of  aanlotlc  fluid  resulted  In  difficulties 
In  delivery  of  toe  young,  and  the  burled  skin  graft  proved  not  to  be 
Ideally  suited  for  a  satisfactory  Interpretation  of  results. 

In  order  to  study  the  coaplete  range  of  responses  of  tne 
fetal  laab  to  honografts.  It  was  desirable  to  apply  full-  or  spUt- 
thlckness  skin  grafts  orthotoplcally  onto  fetuses  at  various  ges¬ 
tation  ages.  Since  these  grafts  were  to  be  fitted  onto  the  fetal 
skin  surface  sad  sutured  In  place,  a  procedure  was  necessary  that 
would  pemlt  the  fetus  to  be  reaoved  coapletely  froa  within  the 
uterus  and  fetal  aeabranes,  retaining  only  the  uablUcal  connection 
to  the  placenta.  After  the  placeaent  of  several  grafts,  the  fetxw 
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vould  bAw  to  be  returned  to  Ite  orlclnal  poeltlon,  «he  fetel  nen- 
brenes  end  uterus  closed,  end  tbs  uterus  retumsd  to  tbs  MttemAl 
abdoolnal  cavity,  all  without  interrupting  pregnancy. 

As  experience  was  gained  with  these  approaches,  a  technic 
was  flEially  developed  to  accoaplish  these  goals  that  coablned  certain 
aspects  of  the  procedure  described  by  Schlnkel  sad  fhrguson  (4),  the 
surgical  method  described  in  our  earlier  IsBunlsatlon  stxidles  in  the 
fetal  ldid>  (3),  and  a  number  of  other  useful  modifications  in  tech- 
niqiue.  The  procedure  will  be  described  in  greater  detail  elsewhere 
(5);  only  its  principal  features  will  be  outlined  bexm.  Vluothane 
general  anesthesia  was  used  throughout  the  procedure,  applied  to  the 
pregnsat  sheep  via  an  endotracheal  tvibe.  Ihe  entire  uterine  bom  was 
exteriorized  through  a  aidline  abdominal  incision,  a  window  was  in¬ 
cised  in  the  uterine  wall  through  which  to  work  on  the  large  fetuses, 
and  the  smaller  fstuses  (leas  than  to  20  cm  la  length)  were  brought 
completely  out  of  the  uterus.  The  allantois  was  included  in  the  in¬ 
cision  through  the  fetsd  msmbraaes,  since  this  appeared  to  improve 
the  healing  process.  A  large  portion  of  the  aanlotlc  fluid  was  then 
removed.  Incubated  with  penicillin  during  work  on  the  fetus,  and  re¬ 
placed  Imsedlately  prior  to  closure  of  the  fetsil  membranes.  Fitted 
skin  grafts  were  sutured  with  fine  silk,  rather  than  the  burled 
grafts  favored  by  Schlnkel  and  fhrguson.  The  fetal  membranes  were 
closed  by  drawing  then  together  tightly  with  a  silk  suture,  taking 
care  not  to  leave  tears  through  which  aanlotlc  fluid  might  be  lost. 

The  uterus  end  the  abdomen  were  closed  by  normal  procedures.  The 
entire  procedure  was  characterized  by  rigid  observance  of  aseptic 
technique  throughout.  At  an  appropriate  time  after  the  original 
grafting  procedure,  the  lamb  was  delivered  by  Caesarian  section 
for  histologic  and  serologic  study. 

So  well  did  these  procedures  satisfy  the  reqiairenents  of 
the  investigations  that  in  36  instances  of  major  fetal  graft  surgery, 
only  1  fetus  wets  aborted  ma  a  result  of  the  surgical  Intervention. 

The  fetuses  appeared  to  tolerate  the  operation  so  well  that  it  proved 
to  be  possible  to  repeat  the  surgical  procedure  more  than  once  on 
the  sa^  fetiM.  This  hM  led  to  the  successful  application  of 
muliipie  grafts  on  a  fetus,  the  ability  to  biqpsy  the  graft,  and  even 
to  zegraft  the  animal  at  a  later  date,  thus  eaqpandlng  appreciably  the 
scope  of  these  studies  on  fstal  response  to  homografts. 

(In  order  to  Indicate  the  extent  to  which  surgical  inter¬ 
vention  in  the  fetus  is  possible,  it  is  worthy  of  mention  that  in 
preliminary  studies  we  have  been  able  to  perform  total  thymectomies 
upon  fstal  lambs  at  mldgestatlon.  Due  to  the  anatomr  of  the  fetal 
lanib,  this  has  required  the  performance  of  radical  neck  surgery  and 
in  addition  a  thoracotomy  with  dissection  of  thymus  in  the  media¬ 
stinum  from  the  fetal  pericardium  and  aorta.  Hot  only  did  the  fetuses 
survive  so  extensive  a  procedure  as  this,  but  it  was  also  possible  to 
perform  additional  surgery  on  these  same  susimsls  later  in  gestation. 
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vlth  tte  aiiplleatlaa  of  akin  grofta  and  tba  ianmlsatlon  of  thes* 
tfayBtetoalMd  aalMls  In  ordar  to  ttaa  affects  of  tkyaeeto^y 

on  their  developaent  of  ivunolocle  eoapetenee.  Hhe  reeuite  of 
these  studies  ere,  unfortunately,  too  Ineoniplete  to  he  Included  here. 
Nsation  Is  nade  of  the  technical  success  of  these  procedures,  how¬ 
ever,  to  call  attention  to  the  range  of  Investl^tions  possible  in 
■any  fields,  with  such  a  fetal  ■odel). 

RIAL  RSSFQVSB  TO  BONOORAFEB 

Ihree  lapoz'tant  qiuestlons  any  be  asked  about  the  fetal 
response  to  skin  hoaografts  applied  ^  utero.  They  are  (a)  how 
early  does  the  fetus  develop  the  iMunologic  eoapetenee  that  pemits 
it  to  reject  the  honograft  specifically?  (b)  how  does  the  fetal 
response  coaqpare  with  that  of  the  aature  adult?  and  (e)  idiat  aorpho- 
logie  and  serologic  changes  aoco^pany  graft  rejection  in  the  fetus? 

draft  aejection  and  Fetal  Ay;  Vbnr  fetuses  between  64 
and  67  days  o^  gestaiion  were  grafted  with  fitted  skin  grafts  from 
adult  (split-thickness)  and  fetal  (fUU-thiekness)  sources.  The 
animals  were  delivered  at  intervals  between  9  and  21  days  after 
grafting,  and  the  grafts  and  draining  lyaph  nodes  were  examined. 

In  no  ease  was  a  clear-cut  rejection  process  visible  (ikble  I). 

The  grafts  had  taken  well  and  resembled  autografts,  even  after  re¬ 
maining  in  place  for  21  days.  Only  one  graft  (3^6-1,  adult  hoao- 
graft)  had  a  mild  diffuse  aononuelear  infiltrate  in  the  graft  bed, 
which  did  not  appear  to  Involve  interference  with  graft  vitality. 

This  could  have  resulted  from  the  accidental  introduction  of  ex¬ 
ogenous  contaminants  with  the  graft.  The  draining  lymph  nodes  at 
this  early  fetal  age  were  found  to  be  similar  to  those  seen  in  un¬ 
grafted  animals  of  the  saae  age,  again  indicating  that  tbs  fetuses 
had  not  responded  in  any  significant  manner  to  homografts  applied 
at  this  stage  of  gestation. 

A  number  of  other  fatal  lambs  were  grafted  between  the  77th 
and  the  139th  day  of  gestation  with  a  variety  of  fitted  skin  grafts 
froa  different  sources.  The  grafts  were  examined  between  7  and  I5 
days  later,  about  half  being  checked  on  the  10th  day  (Table  I).  In 
all  but  one  ease,  the  autografts  applied  for  control  purposes  had 
taken  well  and  were  undisturbed  by  any  host  reaction.  In  contrast, 
every  hoaograft  applied  during  this  internal  was  found  to  be  Involved 
in  an  active  and  typical  rejection  process.  Sven  the  grafts  examined 
at  7  or  8  days  showed  unequivocal  evidence  of  rejection,  indicating 
that  the  process  had  comaenced  at  least  1  to  2  days  earlier.  Sir  the 
9tb  to  the  l4th  day,  the  grafts  were  obviously  at  a  very  late  stage 
of  rejection.  In  all  instances,  the  typical  reaction  in  the  draining 
lymph  nodes  conflraed  the  nature  and  stage  of  the  rejection  process. 

Finally,  newborn  lambs  were  grafted  by  exchanging  full- 
thickness  skin  aaong  five  anlaals  on  the  day  of  birth.  In  each 
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lnst«nc«,  two  gxmltB  yv  appllvd  oa  a  raelpiant  fro*  tlw  mm  doooTi 
■o  that  om  coxild  bt  takan  at  7  aad  tht  othar  at  10  da^.  8xaal» 
nation  of  ttaaM  tlaauas  showad  that  tha  rajaetlon  papooaaa  in  tha 
navborn  lahb  appaarad  to  ba  no  diffarant  fTo*  that  oeeurrlng  in  tha 
coapatant  fatal  anlnal.  lha  grafta  vara  aeoaptad  in  a  ^leal  fartriov 
aad  at  7  days  aetlva  rejection  vaa  arldant.  tha  10th  day,  each 
of  tha  crafta  vaa  la  tha  final  atapaa  of  njaetion,  with  vaaoular 
ataaia  aad  aeoonpanying  naoroaia. 

Morr^Trwy  Or^  BaJactiM:  The  initial  healing 

of  grafta  vaa  ainllar  ndrpkiolQcioaliy  io  that  daaeribad  for  other 
apaelaa  (6).  Zn  thoaa  fatuMa  aaerifload  early  after  inplaatation 
of  tha  graft  there  vaa  priaary  union  batvaaa  donor  aad  boat  apithaUal 
aarglna,  ragwdlaaa  of  tha  type  of  graft-M^thar  of  natanal,  nnra- 
latad  a^t,  or  fraah  or  ffoian  fatal  akin.  In  tha  eaM  of  atalt 
tlaaua  nav  hair  growth  vaa  obMrvad  in  a  fav  Inatanoaa.  Croaa  aaeUoa 
of  tha  graft  alao  daaonatrated  flm  uaion  aad  tha  aatabliahoMnt  of 
VMCular  aaaatoaoaaa  batvaaa  graft  aad  raolpiant  bad  in  thaaa  early 
caaaa.  Biatologlc  daaonatration  of  thia  priaary  tafea  vaa  alao  az. 
praaaad  in  tha  aurvlval  aad  hypertrophy  of  apithaliun  aad  ia  tha 
praaanca  vlthla  tha  graft  of  patent  blood  vaaMla  containing  fonwd 
alaaanta.  At  thia  atage  the  hoangrafta  raarablad  autografta  on 
anlaala  of  alailar  gaatational  aga*  In  both  iaataaeaa,  a  fav  noao- 
nuclear  aad  polyaorphonaclaar  ealla  vara  aotad  in  tha  graft  bad. 

In  aatamal  and  unrelated  adult  grafta,  hypertrophic  folUeular 
apithaliun  vaa  alao  preaent. 

Oba  rejection  of  grafta,  once  begun,  follovad  tha  pattern 
prevlcnaly  daaeribad  for  acute  graft  rejection  (6).  In  all 
inatancea  in  vLleh  adult  tlaaua  vaa  uaad,  vhathar  aatamal  or  un¬ 
related,  rejection  vaa  preceded  by  groaaly  diaeeralbla  edana  of 
tha  graft,  then  hanorrhage,  and  later  retraction  of  tha  graft  bed. 
vaaoular  ataaia  and  heaorrhaga  were  readily  iqpparent  hiatologieally 
vlthln  tha  graft  aad  tha  adjacent  graft  bed.  Qie  aononuclear  in¬ 
filtrate  vaa  noat  proainent  aboxit  anall  veaaela  In  tha  graft  bad 
and  adjacent  to  diaintegratlng  apithaliun,  eapecially  at  the  Junction 
of  graft  and  hoot  tiaaua.  Theae  cella  ranged  fron  anall  lynphoeytaa 
to  larger  aononuclear  foma  vlth  indented  nuclei  aad  a  nora  abund¬ 
ant  cytoplaM.  Ho  evidence  of  fonaatlon  of  typical  adult  plaaM 
cella  vaa  noted  in  the  graft  or  graft  bad,  nor  vaa  pyronlnqphllia 
aeen  in  tha  nononuclaar  cella.  Varying  dagreea  of  polynorphonuelaar 
Infiltrate  vere  preMnt,  noat  apparent  in  tha  later  atagaa  of  re¬ 
jection.  Ppithalial  dagenaration  vaa  narhad  at  thia  tine  (after  7 
daya)  in  thoae  i*  on  vhich  tha  graft  vaa  placed  on  or  after 
the  doth  day  of  gaatation.  One  curioua  feature,  pazhapa  a  reault 
of  tha  Intrauterine  niliau,  vaa  tha  apparent  aurvival  of  a  thin 
outer  rin  of  epithellun  in  aona  caMa  in  idiich  the  renaindar  of  tha 
graft  had  beeone  eoa^letely  nonviabla.  It  nay  have  bean  that  tha 
superficial  cells  of  the  graft,  bathed  in  aaniotle  fluid,  vere  able 
to  retain  sona  degree  of  viability  even  though  the  circulation  had 
becoM  coqplately  atagnaat. 
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Orftftt  of  ftrtth  and  ft^oson  fatal  aklii  bataaaad  in  a  alallar 
faahloB  to  adult  grafts ,  axeapt  that  apitballal  prollfaratlon  about 
hair  follielaa  vaa  not  ao  apparant.  Ixnalnatlon  of  tha  ftrosan 
grafts  aarljr  in  tha  eoursa  of  rajaotion  abovad  a  slough  of  tha 
outar  nargln  of  aplthaliua,  though  foUleular  and  basal  layara  vara 
vail  prasarvad.  Zt  la  probabla  that  tha  prasarratlon  of  this  tlssua 
vaa  only  partial  and  that  tha  aoat  parlpharal  layara  of  aplthallua 
vara  not  vlabla  aftar  traaafar. 

Pifotaln  Baanonaa  AecoamaaarlnK  Bajactlon;  Zt  appaarad 
daalrabla  io  dataradM  vhai^r  tM  lynpihold  hyparpiasTa  that  ae- 
eoavanlad  hoMOgraft  rajaetlon  In  tha  fatal  lanb  vaa  aasoelatad  vlth 
tha  production  of  algnlfloant  aaounta  of  innoglobuHna.  Zn  an 
aarllar  papar  (7)  avldanea  vaa  praaantad  that  tha  noraal  fatal 
lanh  foraa  snail  anounta  of  typical  7S  y-  or 

dpg-glohulina.  lha  lynphold  raaponaa  to  antlganle  and  adjuvant 
lajMtlona  2  Invariably  aceonpanlad  by  tha  fomatlon  of  7S 
or  oftan  In  ^nraolabla  qiuantltlaa. 

dnong  tha  fatuaaa  angagsd  in  honograft  rajaetlon,  no  alg- 
nlfloaat  Ineraaaa  In  circulating  found  abova  nomal 

lavala.  Zn  no  inatanca  vara  althar  or  78  y-dlolsulina  datactad 
In  tha  aara  of  thasa  aninals.  lhasa  data  vara  eonflmad  by  tha 
abaanca  of  production  of  significant  aaounts  of  thasa  protalns  by 
tha  raactlva  ''yai!'  odaa  grown  in  tlssua  cultura  In  tha  praaanoa  of 
radioactive  anlKc  acids  (8),  and  they  accord  vail  with  tha  abaanca 
of  inatura  and  antura  plaana  calls  in  tha  nodes  and  graft  bads. 

in  NBCBAnsN  or  Ecmmrs  kuktiok 

Itaa  ability  to  study  tha  rajaction  of  tissue  hoaografts  In 
the  fatus  furnishes  a  good  axaaple  of  tha  advantaga  of  pursuing 
axparinantal  Iwuiology  in  this  spacial  fatal  anvironaent.  Not  only 
nay  valuable  infornatlon  be  obtained  on  the  ontogenesis  of  tha  lasnina 
response,  but  It  nay  also  be  possible  to  clarify  slnultanaously  soae 
fundanental  conceptual  problens  in  lanunology. 

The  nature  of  tha  ianunologic  ■achanlsns  responsible  for 
tha  rejection  of  orthotopic  skin  hoaografts  has  not  yet  bean  fully 
resolved  (9).  Hhlla  aost  Investigators  favor  the  view  that  graft 
rajaction  Involves  the  aachanisn  of  delayed  hypersensitivity  aedi- 
atad  by  sansltlsad  aononuelear  calls  (lo),  the  olllgatory  particl- 
patlon  In  this  process  of  conventional  circulating  antibody  has 
proved  difficult  to  exclude  (11). 

She  fatal  laab  In  utaro  fumlshaa  an  axparinantal  aodel 
that  nay  provide  a  sulta^Ca  approach  to  this  problen.  Advantaga 
can  ba  taken  of  tha  ability  of  tha  fatal  lanb  ^  utaro  to  reject 
skin  grafts  spacifically  (4,  6)  and  of  the  fact  that  in  this  unique 
anvironaent  tha  fatus  is  deficient  or  conpletaly  lacking  In 
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iMinoelobuUnt  (7).  Ibl*  dtfloUacy  rvsulta  trcm  tha  Ualtad  pro¬ 
duction  of  tboM  protolna  ty  the  fictua,  and  alao  froa  tba  Inability 
of  aatamal  antlbodlaa  to  croaa  tba  orina  plaeanta* 

It  baa  already  bean  Indlcatad  that  tba  rajactlon  of  boao- 
grafta  by  tba  laab  fatua  la  not  aecoapaniad  by  tba  foraatlon  of 
plaaaa  ealla,  aitbar  in  tba  graft  or  graft  bad,  or  in  tba  ly^pb 
nodaa  draini^  tba  aita  of  tba  rajaetlon  proeaaa.  Ibaaa  obaarratlona 
auggaat  that  tba  foraatlon  of  circulating  antlbodlaa  aay  not  ba  of 
critical  laportanca  la  tba  proeaaa  of  boaograft  rajactlon.  In  ordar 
to  taat  tbla  auggaatlon  aora  critically,  four  fatuaaa  vara  grafted 
betvaan  tba  120th  and  tba  139tb  day  of  gaatatlon.  In  addition  to 
the  grafta,  bovavar,  aacb  fatua  racaleed  an  Intraparltonaal  or  Intra- 
eardlae  lajaetlon  of  10  al  aacb  of  rabbit  aatlabaap  73  y-globulln 
and  rabbit  antlahaap  |i2N'*(lobulln  at  tba  tlaa  of  gracing.  In 
addition,  tvo  fatuaaa  vara  alallarly  grafted,  but  Injected  with  20  al 
of  noraal  rabbit  aarua  aa  an  azparlaantal  control.  Ibn  daya  later 
the  fatuaaa  vara  dallverad,  bled,  and  autopaled. 

The  rationale  behind  tbla  axperlaent  waa  aa  follcva:  If 
the  fatua  could  be  abown  to  reject  a  akin  boaograft  In  tba  noraal 
way  In  tba  preaenca  of  persisting  rabbit  antlahaap  globulins,  then 
the  conclualon  would  be  alstost  Inevitable  that  circulating  antibody 
does  not  play  an  obligatory  role  in  this  proeeaa.  ttader  these 
conditions,  fatal  antibody  globulins,  even  if  produced,  should  ba 
unable  to  reach  the  graft  site.  If,  on  the  other  band,  graft  re- 
jaetlon  la  Inhibited  or  altered  by  the  rabbit  antlabeap  globulins, 
then  clrcxilating  antigraft  antibody  oust  ba  lapUcated  In  the  re¬ 
jection  process,  according  to  a  slailar  line  of  reasoning. 

In  every  Instance,  the  grafts  were  rejected  In  an  apparently 
noreal  fashion.  In  addition,  aacb  fetus  showed  a  persisting  level 
of  circulating  rabbit  y-globulln  at  the  end  of  the  10-day  period. 

Of  the  anleals  that  bad  received  rabbit  antlsbeep  globulins,  only 
one  shoved  persistence  of  da  tec  table  antlahaap  73  y -globulin  and 
antlsbeep  activity  In  Its  aarua  by  tanned  cell  beang- 

glutlnatlon  assay.  Although  tba  titers  were  only  oudarate  (1:8  in 
each  case),  satisfactory  negative  controls  and  standards  render  the 
data  significant.  It  bacaae  apparent  that  at  this  point  (10  days 
after  Injection)  the  rabbit  antlsbeep  globulins  were  being  cleared 
rapidly  froa  the  fatal  circulation,  and  that  we  ware  fortunate  In 
finding  persisting  antiglobulin  activity  even  la  the  one  fetus. 

It  is  highly  probable,  however,  that  during  the  earlier 
stages  of  graft  rejection,  circulating  antlsbeep  globulins  were 
present  In  all  four  anlaals.  In  future  experlaents,  store  highly 
purified  rabbit  globulin  preparations  will  ba  employed,  and  the 
anlaals  will  ba  delivered  earlier  than  the  10th  day  after  grafting. 
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Sfte  data  prasaatad  la  this  paptr  coafini  and  axtaad  tha 
aarUar  obaarvatlona  of  Sehlnkal  and  l^rguaoo  (4)  that  tha  Ihtal 

*«jact  allocanalc  akin  grafts.  Orthotopic 
akin  hmografta  applied  to  fatal  laabe  about  tha  65th  day  of  gaa. 
tation.  vara  accaptad  and  retained  for  up  to  21  days  without  signs 
^4a  Intervention  of  an  aetivt  rejection  prooaas.  In  contrast • 
all  grafts  applied  after  the  TTvtt  day  of  gastatioo  were  accaptad 
Initially  and  than  v'ffsct‘‘VK>jly  rajectad  within  7  to  10  daya.  3ba 
rajactioo  tha  idntologic  picture  in  tha  graft  Its 
bad  and  in  tha  rasKj  Mva  d^nlnlng  ly^ph  node  ware  sinilar  to  those 

fo**  apacific  hosK^graft  rajaction  iu  adults  of  othar  spacias. 


In  an  aarliar  papar  (3),  It  vaa  aada  clsar  that  tha  fetal 
lash  did  not  suddenly  aecada  to  full  ianunologic  oonatanoa  after 
an  aarliar  “nun-  state.  Rather,  tha  fetus  vaa  obaarved  to  respond 
to  antigenic  atiauli  in  a  stapviaa  faahion,  relatad  in  som  unknown 
■annar  to  tha  nature  of  tha  anti^an  involved,  thus,  there  saeos 
to  exist  a  “hiararohy"  of  antigans.  Tha  raaponsa  to  bom,  auoh  aa 
bactaripphaga  ^  and  fsrrltln,  oecxirs  at  aa  aarly  stags  of  gastation 
long  bafora  tha  fetus  iianifissts  any  raaponsa  to  othar  antigens  such 
as  ovalbunin.  Antigans  such  as  diphtheria  toxoid  and 
gn^sa  vara  not  obaarved  to  eUeit  a  fatal  raaponsa  a^  anj^  iim 
during  gastation.  Antibody  fomation  to  these  substanceis  did  not 
appaar  until  Many  weaks  afUr  birth.  In  this  respect,  ovine  hlato- 
coepatlbility  antigens  appeared  to  occiqpy  an  IntarMdlata  position 
in  tha  antigenic  hierarchy.  It  ia  thus  apparant  that  no  sps/clal 
case  can  ha  Mde  in  ovine  ontogeny  between  the  bonograft  xwsctlon 
as  cos  fora  of  Isaainologic  raaponsa  and  antibody  formtlon  aa  another. 


Tha  abaanca  of  bonograft  rajaction  in  those  grafted 

at  about  65  days'  geatation  ralsaa  a  problan  sinilar  to  that  posed 
by  the  antibody  response  of  the  fetal  lanb.  Does  the  inability  to 
fora  antibody  to  a  given  antigen  or  to  reject  ths  skin  graft  prior 
to  aoM  critical  tisw  reflect  the  induction  of  tolerance  to  these 
antigens?  Or  is  it  possible  that  the  Iwature  *"<—11  is  rarely 
inunologlcally  Inconpetent  to  respond  to  ths  antlgan  and,  in  fnct, 
does  not  “recognlM"  it  in  an  lanunologlc  sense?  Tbs  retention  of 
a  graft  la  position  for  21  daya  on  fetus  304-l  (sacrificed  on  the 
88th  day)  is  certainly  significant,  for  at  the  sara  gestation  age 
fetus  305-2  was  already  rejecting  a  graft  applied  U  daya  previously. 
This  result  could  reflect  altbar  Iraunologlc  tolerance  of  tha  graft 
on  tha  part  of  this  anlnal  or  deereasad  susceptibility  to  rajactioo 
of  a  ramft  that  hsM  been  well  accepted  and  retained  f<>r  a  period  of 


While  the  fetal  laab  is  able  to  fora  antibody  in  response 
to  certain  luitigens,  aa  has  been  shown  earlier  (3),  thitrs  la  little 
question  that  in  nost  instaaeas  this  initial  intrauterine  response 
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!•  soanrhat  •fflelvnt  than  that  of  ths  adult.  It  Is  tfasrafors 
■wrprlsiog  that  once  the  tetM»  dsvalcps  tha  ability  to  reject  hoao- 
graHs,  It  does  so  with  the  rapidity  and  apparent  eoapetenee  of 
the  adult,  ftimiahlng  the  full  range  of  cellular  events,  graft  In¬ 
vasion,  and  breakdown  within  7  to  10  days  of  application.  In  this 
respect,  the  acquisition  of  eoapetenee  by  the  fetus  appears  to  be 
eoaplete  despite  its  relatively  abrupt  appearance.  This  was  true 
regardless  of  whether  the  graft  cans  frosi  an  unrelated  fetus  or 
adult,  or  from  Its  own  snther. 

A  final  point  aeqr  be  raised  relative  to  the  nschanlsa  of 
hOBograft  rejection  and  Its  possible  dependence  on  circulating 
antibody  (13)*  In  other  species,  the  appearance  of  plasaa  cells 
In  the  reactive  draining  lyeph  node  and  in  the  graft  bed  Itself  has 
been  cited  In  support  of  the  notion  that  circulating  antibody  is 
produced  during  and  ultlaately  participates  In  the  rejection  pro¬ 
cess.  The  fstal  laab  offers  a  unique  opportunity  to  study  this 
question,  since  the  ovine  fetus  Is  to  all  Intents  and  purposes  an 
iHnunologlc  virgin  with  extreeely  Isnature  lymphoid  tissue  and 
little  or  no  lonunoglobullns  In  Its  circulation. 

It  Is  therefore  of  special  significance  that  when  care 
was  taken  to  transplant  sterile  skin  from  a  fetal  donor,  no  plasna 
cells  could  be  found  In  either  the  draining  nodes  or  the  graft  bed 
at  any  tine  prior  to,  during,  or  after  rejection.  Selther  could 
cuiy  Increase  in  circulating  Issninoglobullns  be  observed  In  these 
fetuses,  a  fact  confirmed  by  tissue  culture  experiments  perl^raed 
on  various  organs.  Ihe  suggestion  that  the  homograft  reaction  Is 
a  cellular  form  of  response  Is  further  borne  out  by  the  preliminary 
results,  which  Indicate  that  the  fetal  lamb  Is  able  to  reject  a 
homograft  In  a  nomml  fashion  despite  the  presence  of  excess  rabbit 
antisheep  and  7S  v-globuUns  in  Its  circulation  at  the  tine 
of  rejection  All  of  these  data  point  to  the  possibility  that  con¬ 
ventional  circulating  antibodies  do  not  play  an  obligatory  role  In 
the  rejection  of  solid-tissue  homografts. 

SUMARY 

Procedures  have  been  developed  that  permit  orthotopic  skin 
grafting  of  the  fetal  lamb  to  utero  without  the  Interruption  of 
pregnancy.  Tbs  fetus  was  found  to  reject  orthotopic  skin  homografts 
applied  at  any  time  after  the  77th  day  of  gestation.  Rrlor  to  this 
gestational  age,  grafts  remained  In  place  without  stimulating  any 
detectable  Immunologic  response.  Once  the  fetus  achieves  the  ability 
to  reject  the  graft,  the  process  occurs  with  the  same  competence  and 
rapidity  as  In  the  adult.  Graft  rejection  In  the  fetal  lamb  Is 
unaccompanied  by  formation  of  plasma  cells  or  by  the  production  of 
typical  Issninoglobullns,  thus  supporting  the  suggestion  that  elrcu- 
latlng  antibody  does  not  play  a.  obligatory  role  In  the  process. 
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120  10  Fresh  fetal  Late  Rabbit  antlglobuUiuF 
342-1  122  10  Fresh  fetal  Late  Rabbit  antlgloboUns 
332-1  122  10  Fresh  fetal  Middle  loraal  rabbit  serua 


319-1  123  10  Hewborn  lamb  Late  Babbit  aatlglobullns 

Autograft  Bo  rejection 

333-1  123  10  Fresb  fetal  Middle  Hormal  rabbit  serum 
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^  Gestation  period  In  sheep  Is  about  130  days. 
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BIAXIAL  TENSILE  BEHAVIOR  OF  ANISOTROPIC 
TITANIUM  SHEET  MATERIALS 


JOSEPH  L.  SLINEY 

U.  S.  ARMY  MAIERIAIS  RESEARCH  AGENCY 
WATERTOWN,  MASSACHUSETTS 


INTRODUCTION 


The  mechanical  behavior  of  high  strength  sheet  materials  has 
been  under  extensive  study  and  evaluation  for  several  years,  since  high 
strength  to  density  ratios  are  needed  for  use  in  high  speed  aircraft 
and  missile  systems.  A  major  problem  in  this  area  is  fracture  tough- 
ness(l)  since  this  property  has  limited  the  usable  strength  level  in 
high  strength  sheet  materials . 

Polycrystalline  structured  materials  are-  usually  assumed  to 
be  isotropic;  however,  they  may  be  anisotropic  with  respect  to  many 
types  of  behavior,  such  as  thermal  conductivity,  electrical  resistivity, 
coefficient  of  expansion,  fracture  toughness,  and  plastic  deformations. 
A  great  deal  of  anisotropy  of  directionality  in  ordinary  ferrous  or 
nonferrous  strip  products  is  due  to  elongated  Inclusions  and  phase 
distributions.  In  comparison  to  this  type  of  anisotropy,  there  is  also 
mechanical  anisotropy  which  arises  from  preferred  crystallographic 
textures  which  influence  the  yielding  and  plastic  deformation  proper¬ 
ties  of  certain  materials .  This  paper  will  deal  with  the  influence  of 
a  biaxial  stress  field  on  the  biaxial  tensile  strength  of  certain 
anisotropic  titanium  alloy  sheet  materials  and  the  advantages  to  be 
gained  through  the  use  of  mechanical  anisotropy.  A  review  of  a  re¬ 
cently  proposed  anisotropic  yield  criterion(2,3)  is  presented  with 
experimental  data  on  two  commercially  produced  titanium-beise  alloy 
sheet  materials . 


ISOTROPIC  YIELDING  CRITERIA 


Two  of  the  most  widely  used  yielding  criteria  for  isotropic 
materials  under  conditions  of  combined  stresses  are  those  of  Tresca 
and  Von  Mises.(^)  Tresca’s  yield  criterion  is: 
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(ox-az)*  +  Utxz®  «  (l) 

or  If  we  consider  only  principal  stresses: 

Oi  .  Jj  =  Y  (2) 

where  Cj  ^  Cg  ^  93  and  Y  is  the  uniaxial  yield  strength. 

The  Von  Mlses  yield  criterion  is 

(®x-*^y)*  ^  ^Vz*  ^3) 

or  if  we  consider  only  principal  stresses  as  in  Equation  2 

(Ci-Cg)®  +  (og-Oa)*  +  (aa-Oi)®  2Y® .  (4) 


A  comparison  between  the  plane  stress  (ca  =  O)  yield  locus 
of  the  Tresca  and  the  Von  Mlses  yield  criteria  is  presented  in  Figure 
1.  The  maximum  difference  between  these  two  criteria  occurs  under  a 
two-to-one  biaxial  tensile  or  compressive  stress  state.  A  15^  yield 
strength  Increase  is  predicted  by  Von  Mises'  yield  criterion  under  these 
conditions,  and  experimental  data  has  indicated  excellent  agreement(5) 
for  ductile  materials .  Inherent  in  these  two  failurt  .;riteria  is 
isotropy,  l.e.,  identical  mechanical  properties  in  all  directions. 


ANISOTROPIC  YIELDING  CRITERIA 


Hill(5)  has  modified  Equation  3  for  anisotropic  materials  by 
introducing  anisotropy  parameters.  Backofen,  Hosford  and  Burke(2,3) 
have  applied  Hill’s  equation  for  plane  stress  loading  which  is  of 
particular  Interest  for  long,  thin-wall  pressure  vessels .  For  the 
particular  case  for  material  having  rotational  symmetry  (l.e.,  Xq  =  Yq 
Zo  where  Xq,  Yq;  and  Z©  are  the  uniaxial  yield  strengths  in  the 
longitudinal,  transverse,  auid  thickness  directions  which  are  considered 
to  be  the  principal  planes  of  anisotropy),  the  yield  equation  is  given 

by;  (2) 

“x’  =  “x  "y  [ct]  =  .  (5) 

This  yield  equation  relates  the  conventional  uniaxial  yield  strength 
(Xo),  the  anisotropy  parameter  R**',  and  the  principal  stresses.  For  the 
case  of  a  long,  thin-wall,  closed-end  pressiire  vessel;  (9x  =  2ay)  the 
maximum  principal  stress  for  yielding  is 


*R  = 


*w 


This  is  the  ratio  of  the  rate  of  change  of  the  width-to- 


d«t* 

thickness  plastic  strains. 
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Larson  and  Nunes (^)  have  measured  R  values  greater  than  7-0  for  Tl-UAl- 
3M0-IV  alloy  sheet.  Substituting  Rs=T  into  Equation  6  yields  Ox  “  1*^3 
Xq .  This  means  that  the  maximum  principal  stress  needed  for  yielding 
(under  a  2:1  biaxial  stress  field)  is  63^  greater  than  the  uniaxial 
yield  strength.  Also,  if  R=1  (isotropic  material),  Cx  “  Xq,  which 
is  the  same  result  as  that  predicted  by  the  Von  Mises  yield  criterion. 


Improvements  in  strength  similar  to  that  predicted  by  Equa¬ 
tion  ^  for  a  tvo-to-one  biaxial  tensile  ratio  are  also  predicted  for 
other  biaxial  tensile  stress  conditions.  The  plane  stress  biaxial 
yield  loci  for  R  values  between  0  and  5  are  presented  in  Figure  2. 
Maximum  texture  hardening(T)  in  a  biaxial  stress  field  occurs  umder 
plane  strain  loading  conditions.  Tljte  biaxial  stress  ratio  for  plane 
strain  loading  is  related  to  R  by  the  following  equation: 


(7) 


Substituting  Equation  7  into  Equation  the  relationship 
between  the  maximum  principal  stress,  the  uniaxial  yield  strength,  and 
the  SLi isotropy  parameter  R  is  obtained  for  maximum  strengthening: 


fx  ^  R+l 
^0  v/2R+l 


(8) 


An  equation  similar  to  Equation  5  ®ay  be  derived  for  sheet 
materials  which  exhibit  nonrotational  symmetry  (X©  /  Y©  ^  Zq): 


+ 


2R  ^ 
1+R  X 


(9) 


This  equation  relates  the  uniaxial  yield  strer.gth  Xq,  the  anisotropy 
parameters  P  and  R  (measured  90°  apart),  and  the  principal  biaxial 
stresses.  However,  for  the  experimental  work  described  in  this  paper, 
the  material  will  be  considered  to  have  rotational  symmetry  (P=R). 
(While  this  is  not  exactly  the  case,  it  may  be  a  reasonable 
approximation) . 


REVIEW  OF  CRYSTALLOGRAPHIC  TEXTURES 


The  mechanical  anisotropy  in  polycrystalline  aggregates  of 
.ne  body-centered  cubic  (bcc)  or  the  face-centered  cubic  (fee)  systems 
is  minimized  by  the  high  degree  of  symmetry  in  the  crystallographic 
structure.  Most  of  the  present  candidate  solid  propellant  motor  casing 
laterials  are  of  these  crystallographic  types.  However,  alpha  titanium 
base  alloys  have  a  hexagonal  close-packed  (hep)  crystal  structure.  X- 
ray  diffraction  studies (8)  indicate  that  upon  cold-rolling  and  a  low  tem¬ 
perature  anneal  (8OO  to  1000  F)  textures  of  the  type  (OOOl)  [lOlO]  are 
obtained  in  alpha  titanium  sheet  materials.  Hosford  and  Backofen'3/ 
have  described  these  textures  as  the  ideal  case  for  maximum  anisotropy. 
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This  ideal  texture  Is  shown  schematically  in  Figure  3>  The  most  com* 
mon_sllp  systems  for  titanium  are  basal  plane-slip  (0001),  pyramided 
{lOll},  or  prismatic  (lolo),  which  occur  in  the  densely  packed  direc¬ 
tions  <l2l0>.  Consideration  of  these  flow  mechanisms  for  a  materled 
having  a  perfect  (OOOl)  texture  indicate  that  a  tensile  test  in  the 
plane  of  the  sheet  will  deform  by  thinning  in  the  width  direction  but 
not  in  the  thickness  direction.  If  a  biaxial  stress  is  applied  in  the 
plane  of  the  sheet,  then  flow  must  occur  on  other  slip  planes  and  di¬ 
rections.  If  this  is  the  case,  then  very  high  biaxial  yield  strengths 
will  result  as  indicated  by  the  theory. 

Titanium  processing  textures (8 >9^0)  for  alpha  alloys  are 
not  far  from  the  Ideal  case,  except  that  the  basal  plane  is  inclined 
toward  the  transverse  direction.  If  the  basal  plane  is  rocked  90°  to 
the  transverse  direction,  then  texture  softening  will  result.  Ihat 
is,  the  material  will  have  an  R  value  less  than  one,  and  yielding  will 
occur  as  indicated  in  Figure  2.  Of  course,  the  actual  behavior  of 
alpha  tltanlTim  sheet  is  not  as  simple  as  implied  here,  since  other 
slip  and  twinning  systems  may  be  operative.  However,  it  is  apparent 
that  commercial  titanium  sheet  which  has  a  hexagonal  close-packed 
crystal  structure  may  have  a  built-in  resistance  to  thinning  and  thus 
offer  biaxial  strength  Improvements. 


One  sheet  of  Ti-5Al-2.5Sn  alloy  and  one  sheet  of  Ti-^^Al-^Mn 
alloy  were  en^jloyed  in  this  study.  The  Tl-5Al-2.5Sn  is  an  all-alpha 
alloy  and  the  Ti-4Al-4Mn  is  an  alpha-beta  alloy.  The  sheet  thicknesses 
and  chemistry  are  listed  in  Table  I. 

TABLE  I 

Chemical  Analysis 


EiEaons 

X) 

Aller 

ThloluMsc 
(iaoh«« ) 

a 

A1 

Sb 

D 

ni 

D 

H 

Dll 

T1.SA1.2.SSB 

0.112 

0.021 

S.64 

2.30 

0.18 

0.024 

0.11 

0.007 

. 

Ti.4Al.4lk 

0.070 

0.046 

4.25 

. 

0.18 

• 

- 

3.49 

EXFERIMEHTAL  PROCEDURE 


Test  Specimens 

A  biaxial  tensile  specimen  of  the  type  which  was  developed 
previously  by  Corrigan (H)  for  isotropic  materials  was  used  for  experi¬ 
mental  verification  of  the  proposed  yielding  criteria  for  texture- 
hardened  materials.  This  specimen,  Figure  4,  has  a  simple  machined 
transverse  slot  and  uses  the  restraint  of  a  large  elastic  bulk  to 
produce  a  condition  of  pleuie  strain  (*y  =  0).  In  isotropic  materials. 
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this  speclinen  produces  a  two-to-one  tensile  stress  after  a  plastic 
strain  of  approximately  one  percent.  In  anisotropic  materials  con* 
sidered  to  have  rotational  symmetry;  the  biaxial  tensile  ratio  is  the 
same  as  Equation  T>  The  degree  of  blaxlallty  In  this  specimen  Is 
governed  by  the  degree  of  anisotropy.  Pln*loaded  biaxial  tensile 
specimens  vere  used  for  the  low  temperature  tests.  This  modification 
to  the  biaxial  tensile  specimen  Is  presented  in  Figure  In  addition; 
uniaxial  and  edge*notched  sheet  tensile  tests  were  conducted;  speci¬ 
mens  for  which  are  presented  In  Figure  6. 

Testing  Procedures 

Conventional  wedge-type  grips  were  employed  for  the  room 
temperature  biaxial  tensile  testS;  and  pln-loadlng  grips  were  employed 
for  the  uniaxial  tensile,  edge-notched  tensile,  and  the  low  tanoera* 
ture  biaxial  tensile  tests.  Iliere  is  an  order  of  magnitude  of 
difference  In  the  gage  lengths  of  the  uniaxial  and  biaxial  tensile 
specimens.  Therefore,  If  the  same  head  speed  is  used  for  testing 
these  specimens,  the  same  difference  would  exist  In  the  strain  rate. 

In  order  to  minimize  the  strain  rate  effect,  head  speeds  of  0.05  Inch 
per  minute  and  0.005  Inch  per  minute  were  used  on  the  imlaxlal  and 
biaxial  test  specimens  respectively. 

Rosette  foil  gages  (FABX  12-12)  were  used  to  measure  the 
width  strain  (Sy)  and  the  longitudinal  strain  (tjj)  which  were  plotted 
continuously  on  a  Moseley  X-Y  recorder.  In  addition  to  the  strain 
gage  measurements,  a  deflectometer  was  used  to  obtain  a  load  deflec¬ 
tion  curve  for  yield  determination.  The  anisotropy  parameter  (R)  for 
each  tensile  specimen  was  calculated  by  assuming  constant  volume  after 
yielding  in  order  to  determine  the  plastic  thickness  strain  («jt  +  «t  + 

=  0  ).  A  typical  recording  of  the  longitudinal  and  width  strains 
with  sample  calculations  is  presented  in  Figure  7*  These  calculations 
axe  for  material  with  no  strain  hardening  as  indicated  by  the  load- 
deflection  curve.  If  the  load  increases  during  plastic  deformation, 
the  elastic  strain  increase  during  plastic  deformation  must  be  con¬ 
sidered  in  the  calculations .(12) 

Sheet  Test  Program 

The  bulk  of  the  mechaiiical  tests  were  conducted  on  the  Ti- 
5Al-2.5Sn  alloy.  The  yield  strength  at  tensile  strength,  ani¬ 

sotropy  parameter  (R)  and  the  biaxial  tensile  strength  (specimen 
presented  in  Figure  4)  were  determined  at  15°  intervals  in  an  arc  of 
165°  from  the  longitudinal  direction.  Additional  longitudinal  mechan¬ 
ical  tests  were  conducted  over  a  temperatxjre  range  of  room  temperature 
to  -312  F.  These  tests  consisted  of  tensile,  edge-notched  tensile, 
and  pin-loaded  biaxial  tensile  (Figure  5)  tests. 

Limited  tensile  and  biaxial  tensile  tests  were  conducted  on 
the  Tl-4Al-4Mn  (RSI30B)  alloy.  The  yield  strength  at  0.2^,  tensile 
strength,  anisotropy  parameter  (R)  and  the  biaxial  tensile  strength 
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were  measured  In  Ixith  the  longitudinal  and  transverse  directions  on 
this  sheet  In  the  annealed  condition «  IDiese  same  parameters  were 
determined  on  this  material  In  the  longitudinal  direction  in  the 
solution-treated  and  aged  condition  (lUjOF  2  hr,  WQ  +  90<^  F  24  hr,  AC). 

Pressure  Vessel  Tests 


Two  closed-end  cylindrical  pressure  vessels  were  fabricated 
from  the  Tl-^Al-2.3Sn  alloy.  The  longitudinal  direction  of  the  sheet 
vas  oriented  in  the  transverse  direction  of  the  cylinders .  Longitudi¬ 
nal  MIC  welds  weie  employed,  and  thickened  ogive  end  closures,  forged 
from  T1-6A1-4v  alloy  billets,  were  welded  on  each  end.  Cylinder  1  was 
welded  with  an  unalloyed  filler  wire,  and  Cylinder  2  was  welded  with 
a  Ti-6A1-4V  alloy  filler  wire.  Longitudinal  and  transverse  strain 
measurements  were  recorded  using  Type  PA7  strain  gages,  90*^  from  the 
longitudinal  weld  and  at  the  mld-lexigth  of  the  cylinders.  Both  ves¬ 
sels  were  hydrostatically  tested  to  failure  by  pressurizing  at  a 
uniform  rate.  A  pressure  time  and  strain  time  history  was  obtained 
for  each  cylinder  with  a  Visicorder. 

RESULTS  AND  DISCUSSION 


Mechanical  Tests 

The  mechanical  test  data,  0.2^  yield,  tensile,  biaxial  ten¬ 
sile  strength,  and  the  anisotropy  parameters  R  which  were  obtained 
from  the  various  orientations  on  the  Ti-5Al-2.5Sr.  alloy,  are  presented 
in  Table  II.  No  significant  variation  of  yield  and  tensile  strengths 
was  obtained  with  specimen  orientation. 


TABLE  II 

Tensile  and  Biaxial  Tensile  Properties 
of  Ti-5Al-2.5Sn  Alloy 


TMt 

Diraetioa 

froa 

rolllag  dlraetioa) 

Yi*l(i 

Strmath, 

o.aa 

(kal) 

1Wa«ll« 

Straagth 

(kai) 

Bioaial 

Tkasll* 

Straagth 

(kal) 

BIS 

jrs 

A 

cr  IWl 

•K'/m 

0  Loagltttdiaal 

183.0 

130.4 

301.8 

3.30 

1.50 

133.0 

135.4  ' 

1.59 

3.10 

1^53 

134.0 

130.9 

3.90 

1.50 

IS 

183.0 

135.0 

303.3 

1.03 

3.00 

1.40 

30 

131.0 

134.0 

309.5 

1.09 

3.85 

1.55 

45 

133.0 

130.9 

304.1 

1.09 

3.17 

1.54 

•0 

131.0 

133.3 

100.8 

1.51 

4.35 

1.70 

75 

113.0 

131.5 

300.7 

1.70 

3.30 

1.50 

M  TtrsaavarM 

135.0 

139.0 

800.4 

1.00 

3.57 

1.44 

130.0 

131.3 

3.57 

1.44 

134.0 

131.1 

3.70 

1.40 

105 

135.0 

137.0 

300.3 

1.01 

3.05 

1.48 

130 

134.0 

137.4 

149.5 

1.17 

3.40 

1.50 

135 

134.0 

130.3 

305.4 

1.03 

3.17 

1.54 

ISO 

133.0 

135.0 

305.7 

1.03 

3.40 

1.50 

105 

138.0 

137.0 

101.9 

1.37 

3.54 

1.00 
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theoretical  biaxial  tensile  strength  ratios  have  been 
calculated  using  Equation  8  for  the  measured  R  values,  and  these  data 
are  also  presented  in  Table  II.  In  order  to  compare  the  biaxial  ten¬ 
sile  strength  to  ultimate  tensile  strength  (BTS/UTS)  ratios  determined 
by  tests  with  the  theoretical  CxAo  ratios  calculated  from  the  anisot¬ 
ropy  parameters,  it  is  necessary  tc  e^rapolate  the  yield  theory  to 
maximum  load  and  plastic  Instability .(^1)  Recognizing  these  limitations 
and  also  the  assumptions  in  the  derivations,  there  is  good  agreement 
between  these  two  ratios  with  a  few  exceptions,  iniese  exceptions  occur 
at  orientations  \^ere  low  biaxial  tensile  strengths  were  obtained, 
i.e.,  120°  and  l6^° .  These  inconsistencies  may  be  attributed  to  wedge 
grip  misalignment  and/or  grinding  marks  in  the  transverse  slot. 

Typical  uniaxieil  and  biaxial  test  specimens  are  presented  in  Figxire  8. 
The  type  of  fracture  on  both  of  these  specimens  should  be  noted.  Spec¬ 
imen  misalignment  was  evident  on  the  biaxial  tensile  specimen  from  the 
wedge  grip  marks.  Some  difference  between  the  calculated  strength 
ratios  and  the  measured  strength  ratios  may  be  due  to  the  assumption 
of  rotational  symmetry  which  is  not  exactly  the  case.  The  theoretical 
ratio  of  the  maximum  principal  stress  to  the  unlaxled  yield  strength 
for  the  case^of  nonrotatlonal  symmetry  may  be  obtained  by  substituting 
Cx/oy  *  1  +  ^  into  Equation  9*  The  resultant  stress  ratio  for  a  test 
in  the  x  direction  is:  « 


Xo 


(10) 


A  comparison  between  the  strength  Increases  predicted  for  the  cases  of 
rotational  and  nonrotatlonal  symmetry  may  be  obtained  by  the  use  of 
Equations  8  and  10  respectively  and  Table  II. 

Rotational  Nonrotatlonal 

R  =  P  =  3.1^  R  =  3.1^ 

P  =  2.64 

==i=1.53 

Aq  Aq 

The  small  differences  between  the  two  o^/Xq  values  indicate  that,  for 
the  small  difference  in  magnitude  of  the  anisotropy  parameters  meas¬ 
ured  in  this  material,  the  assumption  of  rotational  symmetry  does  not 
appreciably  affect  the  results. 

The  0.2^  yield,  tensile,  biaxial,  and  edge-notched  tensile 
strength  data  obtained  from  the  longitudinal  direction  of  the  Ti-5A1- 
2.5Sn  alloy  as  a  function  of  test  temperatvire  are  presented  in  Figure 
9.  These  tests  were  conducted  to  determine  if  the  biaxial  strength 
increases  obtained  at  room  temperature  would  also  be  obtained  at  low 
temperature,  where  the  uniaxial  strength  increases  rapidly.  The  ratio 
of  the  BTS/UTS  obtained  for  the  various  test  temperatures  decreases 
from  1-53  at  room  temperature  to  1.4l  at  -112  F.  Below  this  tempera¬ 
ture,  the  strength  ratio  is  approximately  constant.  This  parallelism 
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betvesn  the  BTS  end  UTS  ney  be  eeen  In  Figure  9*  It  ahould  eleo  be 
noted  In  this  figure  that  the  edge-notched  tenelle  strength  Is  equal 
to  the  ultimate  tensile  strength  at  -110  F,  Indicating  a  tough,  notch- 
ductile  material.  For  test  temperatures  of  room  tenqperature  and 
-312  F,  strength  to  density  ratios  of  1.23  x  10*  Inches  and  1.7?  x  10* 
Inches,  respectively,  vere  obtained  with  the  biaxial  tensile  specimen. 

The  limited  measurements  of  yield,  tensile,  biaxial  tensile 
strengths,  and  the  anisotropy  parameter  R  obtained  on  the  Tl-4Al-4Mn 
alloy  are  presented  In  Table  III.  These  tests  were  conducted  to  de¬ 
termine  If  heat  treating  an  alloy  that  exhibited  anisotropy  in  the 

TABLE  III 


Tensile  and  Biaxial  Tensile  Properties 
of  Ti-4Al-4Mn  Alloy 
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m 
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annealed  condition  would  Increeise  or  decrease  the  amount  of  anisotropy. 
In  comparing  the  longitudinal  tensile  and  biaxial  tensile  strength  In 
the  heat-treated  conditions  with  the  annealed  condition,  it  is  observed 
that  both  values  Increased  by  20  ksi. 

Pressure  Vessel  Tests 


The  physical  dimensions,  burst  pressures,  burst  strengths, 
and  strain  observations  on  the  twD  test  cylinders  are  presented  in 
Table  IV.  Both  test  vessels  failed  by  opening  up  along  the  longitudi¬ 
nal  weld.  Photographs  of  these  two  vessels  are  presented  in  Figures 
10  and  11.  A  pressure-time  and  strain-time  trace  recorded  on  Cylinder 
2  is  presented  in  Figure  12.  All  traces  recorded  are  essentially 
straight  lines,  indicating  that  the  base  metal  had  not  yielded  when 
rapid  failure  occurred  in  the  weld.  The  burst  strengths  were  approxi¬ 
mately  2556  greater  than  the  uniaxial  yield  strength  of  the  base  metal. 
It  should  not  be  expected  that  a  longitudinal  weld  would  exhibit 
anisotropy  and  biaxial  strength  increases.  Therefore,  in  order  to 
utilize  mechanical  anisotropy,  pressure  vessel  fabrication  methods 
other  than  rolling  and  welding  sure  needed.  One  method  of  reducing  the 
maximum  principal  stress  on  the  weld  in  a  cylinder  would  be  by  the  use 
of  a  spiral  weld.  If  the  weld  was  oriented  at  30°  from  the  transverse 
axis,  the  normal  stress  would  be  reduced  to  63^  of  the  tangential 
stress  in  the  cylinder.  Other  methods  of  fabrication  which  may  be 
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TABU  IV 

Pressura  Vatsal  Data 


CflimBsr 

CfltaBsr 

Din^-'^r  (is) 

L>n9th  (la) 

IklehMsa  (is) 

IsM  riiltr 

TVps  sf  itlA 

Siwst  Allsr 

Burst  Prsss  (psi) 

YisM  ttrsaetk  (psi) 
Teasilt  BtrsBptk  (psi) 

Bsrat  Btrssa  (tt)  (psi) 
Btrsia  L  * 

Strsis  T 

l.ll 

OMifsTaB 

UM 

US.OM 

ISI.BM 

iSI.OM 

Its 

I.Tt 

18 

O.Ill 

Ti-|At-4V 

no 

Ti-fAi*l.8BB 

1100 

Its. 000 
iss.loo 

lU'MO  , 
too  jf  •is/ia 
7800  i  is/ia 

possible,  if  processing  techniques  can  be  developed  to  produce  proper 
textures,  are  shear  spinning  and  ring  rolling*  Also,  wrapping  a  motor 
case  with  thin  strips  is  a  poseibility*  The  wrapping  method  is  par¬ 
ticularly  intriguing  since  the  strips  may  be  oriented  so  that  the 
principal  planes  of  anisotropy  are  oriented  to  the  principal  streae 
directions.  The  principal  planes  of  anisotropy  are  not  always  ori¬ 
ented  in  the  longitudinal  and  transverse  directions  of  the  sheet. 

Note  that  the  R  values  in  Tables  II  and  III  vary  slightly  as  a  func¬ 
tion  of  test  direction. 


GENERAL  DISCUSSION 

Data  has  been  presented  on  an  alpha  and  an  alpha-beta  tita¬ 
nium  alloy  ^Ich  have  exhibited  mechanical  anisotropy  and  biaxial 
strength  Increases  of  and  greater.  The  assumption  should  not  now 
be  drawn  that  all  alpha  titanium  sheet  and  all  alpha-beta  sheet  will 
exhibit  anisotropy  and  biaxial  strength  increase.  Many  titanium  sheet 
alloys  have  been  tested  at  this  Agency.  (12)  Some  of  these  alloys 
exhibit  anisotropy  and  some  do  not.  The  all-beta  alloy,  which  has  a 
bcc  crystal  structure,  does  not  exhibit  anisotropy.  Whether  or  not  an 
alloy  will  exhibit  anisotropy  is  dependent  upon  the  chemistry  and  the 
thermal  processing  history.  Therefore,  controlled  processing  research 
must  be  performed  to  determine  how  to  obtain  the  proper  texture  in 
titanium  sheet  alloys  before  this  mechanism  may  be  fully  utilized. 
Research  is  presently  being  conducted  on  this  subject  both  at  our 
Agency  and  other  laboratories  .(13)  Whether  or  not  textured  material 
will  obey  the  exact  mathematical  analysis  described  in  this  paper  is 
open  to  question  since,  as  in  most  other  deviations,  certain  assuiiq>tlon8 
are  made.  However,  the  advantage  of  using  a  nominally  low-strength, 
weldable,  extremely  tough  material  for  rocket  motor  casings  or  other 
pressure  vessel  applications  is  obvious .  Fracture  toughness  problems 
have  plagued  the  rocket  motor  case  industry  for  some  time,  and  these 
problems  will  be  magnified  as  strength  levels  are  increased  by  the 
conventional  methods,  l.e.,  heat  treating,  cold  working,  and/or 
alloying . 
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Figure  7.  STRAIN  CURVE  FOR  ANISOTROPIC  SHEET  MATERIAL 
(T I .  S  A I -2 .  SSn>  LONG  I TUO I NAL) 


Uniexial  Tensile  SgeclMn 


Siexial  Tensile  Specimen 


Figure  8.  FRACTURES  IN  TITANIUM  ALLOY  (Ti-5Al-2.5Sn)  SHEET  IN 
UNIAXIAL  AND  BIAXIAL  TENSILE  SPECIMENS 
U.  S.  ARMY  MATERIALS  RESEARCH  ABENCY 
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Figure  9.  TENSILE,  rOGE-NOTCHEO  TENSILE. 
AND  BIAXIAL  TENSILE  DATA  FOR 
Ti>SAI-2.5Sn  ALLOY,  SHEET  B 


Figure  10.  Ti-5A|-2.5Sn  TEST  CYLINDER  I 


Figure  II.  Ti.5AI-2.5Sn  TEST  CYLINDER  2 


Figure  12.  PRESSURE  TIME  -  STRAIN  TIHE  CURVE  FOR  Ti-5AI-2.5Sn  CYLINDER  2 
U.  S.  ARMY  MATERIALS  RESEARCH  AGENCY 
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OPTICAL-ELECTRONIC  AZIMUTH  AND  RANGE 
BETWEEN  NON-INTERVISIBLE  DISTANT  GROUND  STATIONS 


EMANUEL  M.  SODANO 
G*  I*  M«  R«  A«  D*  A* 
FT.  BELVOIR,  VIRGINIA 


1 .  INTRODUCTORY  BACKGROUND 

A  frequent  problem  In  geodesy,  especially  in  remote  areas, 
is  the  determination  of  direction  and  distance  between  two  ground  po¬ 
rtions  that  are  located  several  hundred  miles  apart.  Due  to  the  cur¬ 
vature  of  the  earth,  such  positions  are  not  intervisible.  To  further 
complicate  matters,  extensive  bodies  of  water  or  impassable  terrain 
often  intervene.  The  connection  is  therefore  made  through  measure¬ 
ments  to  a  high  intermediary  object.  Radar  and  similar  electronic 
distance  measuring  instruments  supplied  the  initial  impetus  to  the  use 
of  airplanes  as  the  aerial  link.  However,  the  application  was  con¬ 
fined  to  distances  because  the  distortion  of  electromagnetic  waves  by 
the  earth's  atmosphere  principally  affected  the  accuracy  of  azimuth 
measurements.  The  requirement  for  measuring  such  azimuths  between 
non- intervisible  distant  stations  persisted,  however,  because  (a) 
trllateration  nets  were  weakly  oriented  in  spite  of  many  redundant 
lines  and  (b)  positions  of  Islands  lying  almost  in  a  straight  line 
could  not  be  intersected  from  distances  alone. 

In  1952,  the  writer  published  an  optical  azimuth  solution 
which  in  1958  was  combined  in  [Ij  with  an  alternate  method.  Although 
both  proved  accurate  to  better  than  1  second  in  tests,  the  one  requir¬ 
ing  only  two  simultaneous  observations  of  an  airborne  light  proved 
less  vulnerable  to  intervening  clouds.  Its  essential  role  in  the  con¬ 
nection  of  numerous  Pacific  islands  up  to  240  miles  apart  is  described 
in  [2]  by  the  U.  S.  Army  and  Air  Force.  Nevertheless,  difficulties 
and  postponements  due  to  persistent  cloud  cover  are  also  noted. 

The  present  paper  proposes  two  new  methods  that  advanta¬ 
geously  combine  all-weather  electronic  distances  with  optical  observa¬ 
tions.  In  one  case,  the  azimuth  of  the  airplane's  light  is  observed 
from  only  one  of  the  two  ground  stations,  thus  eliminating  the  optical 
simultaneity.  Sufficient  data  is  therefore  provided  even  through 
heavily  scattered  clouds,  as  Illustrated  in  Fig.  1.  When  the  cloud 
cover  is  complete,  the  method  of  Fig.  2  uses  two  airplanes  to  relegate 
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the  electromagnetic  and  optl'^al  paths  entirely  beneath  the  clouds. 

When  clouds  are  higher  or  gone,  this  second  method  also  gives  a 
greatly  extended  solution.  Both  procedures  provide  determinations  of 
the  range  as  well  as  azimuth.  Variations  in  aircraft  course  are  not 
critical.  Hie  method  of  Fig.  2  is  Ideally  suited—  in  fact,  more  eco* 
nomical  — -  for  small  low-altitude  Army  type  aircraft. 

2.  DERIVATION  OF  BASIC  RELATIONSHIPS 

With  reference  to  Fig.  3,  the  object  is  to  determine  the  distance 
and  azimuth  from  a  to  b.  Point  p*  represents  the  aerial  position  of  a 
vehicle  which,  although  shown  on  the  clrctmf erence  of  a  circle,  may 
actually  be  assumed  at  no  special  location  if  unguided.  Let  the  vehi¬ 
cle  record  its  electronic  distances  to  a  and  b  at  the  same  Instant 
that  its  horizontal  and  vertical  directions  are  recorded  by  a  tracking 
theodolite  (or  camera)  at  a.  Let  Da  and  Db  be  the  geometrical  chords 
of  the  atmospherically  refracted  lines  just  recorded.  Draw  a  plane 
through  b  and  perpendicular,  at  o,  to  the  extension  of  the  normal 
through  a.  From  p',  drop  a  line  perpendicular  to  the  plane  at  p  and 
complete  the  rectangle  p'poao*.  D^  then  lies  in  the  plane  formed  by 
the  rectangle  and  projects  into  r,  while  Dj,  projects  Into  d.  Let 
represent  the  zenith  angle  o'ap*. 

When  (due  to  the  motion  of  p')  point  p  Intersects  the  straight 
line  angle  bpo  becomes  180P  and  the  two  planes  through  p'p  become 
coincident.  Since  the  resulting  single  plane  passes  through  the  nor¬ 
mal  lo  and  through  b,  it  represents  the  normal  section  azimuth  (a^) 
from  a  to  b.  This  azimuth  projects  along  line  N.  Correspondingly, 
the  projected  direction  (o  to  p)  of  the  airplane  will  be  denoted  as  a. 
For  any  arbitrary  position  of  the  vehicle,  p',  the  variable  angle  bop 

can  therefore  be  expressed  by:  ,  . 

^  Of  -  ajj  -  bop 

Applying  the  law  of  cosines  to  the  plane  triangle  bop: 

d®  ■  r®  +  N®  -  2rN  cos  (cr  -  Qfjj) 

By  means  of  the  Pythagorean  theorem  and  a  few  trigonometric  relation¬ 
ships,  can  be  also  expressed  successively  as  follows: 

d^  -  E|  -  (E  +  V)®  -  D|  -  (D^cos  +  V)® 

*  D|  -  (1  -  sin®  _  V®  -  2VD^  cos 

+  2VD^  cos  (3) 

Equating  (2)  to  the  last  form  of  (3)  and  eliminating  r:  ' 
D|-(nP+V®)+DP  +  2VD^  cos  of^  -  2ND^  sin  cos  (4) 

of  the  required  chord  length  from  a  to  b  of  Fig.  3  is 

L®  -  +  V®  (5) 

depression  relative  to  the  horizontal  at  station  a  is 

tan  -  V  4-  N  (6) 
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Formula  (4)  is  a  theoretically  rigorous  three-dimensional  rela¬ 
tionship  that  is  independent  of  the  size  and  shape  of  the  earth.  In 
practice,  it  is  limited  only  by  the  degree  of  accuracy  with  which  the 
input  --  D  ,  D^,  (^2  cr  --  can  be  obtained  from  the  associated 

measured  dfstances^and  azimuths,  corrected  for  atmospheric  refraction 
and  electromagnetic  wave  velocity.  The  output  --  N,  V,  and  an 
consists  of  exact  constants  which  can  be  determined  best  by  least 
squares.  Up  to  this  point,  it  should  be  noted,  formula  (4)  is  general 
enough  for  application  to  any  horizontally  or  vertically  uncontrolled 
path  of  an  airplane,  balloon,  rocket  or  satellite. 

3.  SIMPLIFICATION  OF  ATMOSPHERIC  CORRECTIONS 

Ntunerous  formulas  are  available  for  computing  the  difference 
between  an  electronically  measured  arc  length  (S)  and  the  correspond¬ 
ing  geometric  chord  (D) ,  in  order  to  correct  for  refraction  and  veloc¬ 
ity  changes  induced  by  atmosphere  on  electromagnetic  waves.  For  the 
purpose  of  the  present  paper^  the  form  of  such  mathematical  expres¬ 
sions  is  even  mere  critical  than  the  actual  numerical  magnitude  of 
the  correction,  because  the  literal  formula  must  permit  convenient 
substitution  into  subsequent  derivation  equations.  From  applicable 
literature  it  was  determined  that,  even  for  some  of  the  more  accurate 
formulas,  the  relationship  between  chord  and  arc  could  be  reduced  rig¬ 
orously  to  the  following  simple  form  of  power  series: 


D  =  S(Ko  +  I^S»  +  KjS*) 


(7) 


By  transforming  formula  (89)  of  [3]  into  terms  corresponding  to  (7) 
above,  the  following  expressions  for  the  K  coefficients  were  deduced: 
En  /^h  An' 


Ko 


12 


(8) 


Sn*  ^  An  En*  ^  (An')^  _  (An)° 
24R  12  Ah  96  8<Ah)® 


(9) 


(An)®  An'  An  An*  An  An'  En'  An'  Sn' 

-  +  ■'  ”  - 5— ■  (10) 

48  (Ah)®  48R(Ah)®  144(Ah)®  144R  Ah 

where 

R  «  Radius  of  spherical  approximation  to  earth  beneath  ray  path 
n^s  Index  of  refraction  designed  into  electronic  distance  instrument, 
or  Electromagnetic  velocity  in  vacuum  -r  Velocity  designed  into 
instrument 

n  =  Index  of  refraction  as  a  function  of  height  ■eu+a.h  +  ^h® 
n*=  ^  *  ^*^A  "  *  ^^^A  '*■  *  *****  subscripts 

G  and  A  denote  evaluation  at  ground  and  at  aerial  station. 

The  numerical  example  given  on  page  S3  of  [3]  can  therefore  be  repre¬ 
sented  by  the  following:  52  10  4 

D  =  3(1.0000  8857  -  .0000  8242  x  lo'^  S  -  .0000  0294  x  10'^°  S  )  (11) 

where  s  is  the  given  slant  range  of  194.18493  nautical  miles  (about 
223  statute  miles)  from  ground  to  air. 
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EquAtlons  (8)  through  (10)  and  associated  definitions  show  that 
the  R's  for  (7),  Independently  of  S  and  its  powers,  approach  constancy 
under  the  following  conditions:  a  fixed  ground  station  elevation,  a 
substantially  constant  aerial  vehicle  height,  and  a  relatively  stable 
atmosphere  over  the  area  of  operation.  In  such  case,  the  square  of 
(7)  can  be  represented  by  means  of  another  set  of  constants  as  follows: 

(Kx  +  Ky  $2  +  Kg  S*)  (12) 


In  addition,  if  S  varies  by  a  limited  extent  only,  the  sum  of  the 
parenthetical  terms  of  (7)  will  approach  constancy  because  of  the 
smallness  of  the  coefficients  of  and  as  shown  by  (11).  There¬ 
fore  by  using  an  airplane,  which  can  fly  at  a  fairly  constant  eleva¬ 
tion  and  can  approximate  a  circular  arc  around  one  of  the  ground  sta¬ 
tions  by  means  of  substantially  equal  slant  range  measurements  S, 

equation  (7)  can  be  reduced  to:  _ 

'  D  »  SK  (13) 


The  geometry  of  this  circular  arc  fll^t  is  Illustrated  in  Fig.  3.  It 
can  be  shown  that  if  poor  piloting  were  to  cause  the  radial  slant 
range  S  to  vary  by  as  much  as  ^  .25  nautical  mile  (about  ^  1520  feet), 
D  computed  by  (13)  would  differ  from  (11)  by  only  1  inch  in  spite  of 
the  false  asstunption  that  its  only  K  remain  absolutely  constant.  Cifhe 
optical  vertical  refraction  will  be  treated  later,  although  it  could 
also  be  corrected  in  a  manner  similar  to  (13).) 


All  subsequent  derivations  will  treat  K's  as  constants,  with 
flights  conforming  thereto.  Whenever  feasible,  such  constants  will 
express  the  chord  D  in  terms  of  the  directly  measured  S.  This  will 
provide  accurate  formulas  that  avoid  extensive  calculations  of  varia¬ 
bles  and,  when  the  values  of  the  constants  can  be  determined  by  empir¬ 
ical  solutions,  will  dispense  with  the  expensive  acquisition  of  atmos¬ 
pheric  index  of  refraction  data. 

4.  APPLICATION  TO  RANGE  AND/OR  AZBfiJTH 


The  substitution  of  (12),  for  station  b,  into  (4)  gives: 

Kx  S|  +  Ky  St  +  Kg  S|  .  (!^  +  V«)  +  D|  +  2VDa  cos  Qfz 

-  2NDa  sin  ag  cos  (or  -  aw)  (14) 

Now  substitute  (13)  and  its  square  —  both  for  station  a  --  into 
(14),  and  divide  the  result  by  to  obtain: 

KeSi  +  KfSt+KgSl  -  (1^  +  K^)+  S|  +  2Ky  cos  iXg 

-  sin  otg  cos  (of  “^jj)  C^'^) 

where  K^«N-rK^,  Ky  =  V^Ka,  (16)  (17) 

Kg  Is  close  to  unity,  and  Kf  and  Kg  are  very  small. 

Next,  let  equation  (15)  be  applied  to  Fig.  3  at  two  points,  pj^  and  , 
Instead  of  one. 

®lb  +  ®ib  +  \  Slb>  -  <*5  +  4'  +  4.  +  2Kv  Si,  cos 

-  ^IZ  (^1  ”  (1®) 
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«e  =lb  +  •'f  ^2b  +  S  S2b>  -  <liS  +  +  S|.  +  2*t  Sj.  ‘=°’  “22 

■  2Kjj  S2a  sin  cos  ^2  "  ®N^ 

Bearing  in  mind  that  Kf  and  Kg  are  very  small,  it  is  apparent  that  if 
Sib  chosen  nearly  equal  to  S2b»  the  following  corresponding  prod¬ 
ucts  in  equations  (18)  and  (19)^will  be  essentially  equal: 

Kf  S^b  «  %  S^b  »  Kg  S|b  sa  Kg  Sib  (20)  (21) 

The  preceding  assumptions  correspond  to  the  condition  that  for  any 
point  pj^  in  Fig.  3,  subsequently  a  will  be  obtaineid  nearly  symmet¬ 
ric  to  it  with  respect  to  the  opposite  side  of  line  N.  Now,  by  sub¬ 
tracting  equation  (19)  from  (18),  the  constant  (l£  +  1&)  as  well  as 
the  terms  represented  by  (20)  and  (21)  will  cancel  out  and  leave: 

Ke  (S^b  ‘  S|b)  “  <Sia  “  +  ^Ky  (S^^  cos  "  ^2r  ‘'o®  ®2z) 

+  21^  [S2a  sin  0-22  cos(a2“Qf}i)  -  sin  a}^2  c«>8(ai^-tVjj)]  (22) 

If  the  difference  in  length  between  any  paired  (Sj^b  >  S2b)  in  (22)  is 
as  much  as  ±  .25  nautical  mile  because  of  their  lack  of  symmetry 
around  N  or  due  to  variations  from  a  circular  flight,  the  resulting 
error  will  again  be  only  about  1  inch. 

The  equations  that  will  provide  the  four  principal  solutions  — 
(4),  (14),  (15)  and  (22)  —  will  now  be  put  into  a  form  suitable  for 
least  squares  by  separating  the  constant  azimuth  ajj  from  the  variable 
horizontal  azimuths  and  joining  its  sine  or  cosine  to  every  N  or  Kn: 

D|  «  [(N  cosajj)®  +  (N  sinojj)®  +  V®]  +  D|  +  2VDa  co8a2 

-  2N  cosofjj  Da  sinttg  cosa  -  2N  sinOfH  sinPfg  (4') 

Kx  S|  +  KyS|,  +  KgSl  -  [  (N  cosQTjj)®  +  (N  sinffj^)®  +  v®  ]  +  +  2VDa  coaoj 

-  2N  cosQfjj  Da  81002  ~  ^N  sinojj  Da  sina2  sim  (1-4') 

Kg  Sb  +  KfSb  +  KgSb  ■  [  (K^osOjj)®  +  (Kj^sina^)®  +  Kyi  +  S®  +  2lySgC08Qr2 

-  2l^  cosojj  8incK2  ~  2%  8i"®N  ®a  (15') 

l^e^^lh  "  S^b  )  “  (S^a  "  S|a)  +  2Kv  (S^a  cos^lz  "  S2a  cosa2z) 

+  (2Kjj  cosojj)  (S2a  8iK>'22  coaaf2  -  8ino^2  cosoj^) 

+  (2Kjj  sinofjj)  ($2^  810022  "  ^la  ®l"®lz  (22') 

In  addition  to  possibly  some  of  the  purely  atmospheric  parameters  (K^i 
Ky*  Kg,  Kg,  Kf,  Kg),  the  preceding  four  equations  contain  either  of 
the  following  two  sets  of  constants  and  perhaps  their  squares; 

V  ,  N  sinojj,  N  cosou  .  (23)  (24)  (25) 

Ky,  Kjj  sinoj,,  cosoj,.  (26)  (27)  (28) 

The  tangent  of  the  required  normal  section  azimuth  Ojj  is  obtained  from 
(24)  -  (25)  or  (27)  -r  (28),  whereupon  N  can  be  obtained  by  substitut¬ 
ing  ojj  back  into  (24)  or  (25)  only.  This  means  that  only  equations 
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(4')  and  (14*)  can  provide  --  In  addition  to  oru  N  and  V  for  the 
solution  of  the  required  chord  length  L  frem  (5).  Finally,  the  tan¬ 
gent  of  the  chord's  angle  of  depression  is  obtained  from  V  -f  N  accord¬ 
ing  to  (6)  or,  as  evident  from  (16)  and  (17) »  using  Ky  +  . 

In  addition  to  their  difference  in  number  of  unknown  constants 
and  in  whether  the  distance  as  well  as  the  azimuth  can  be  obtained, 
the  four  principal  solutions  differ  by  type  of  flight  and  extent  of 
atmospheric  data  requirements.  For  example  (22*),  which  gives  only 
the  azimuth,  haa  had  all  chords  D  replaced  by  the  directly  measured 
arcs  S;  therefore  it  requires  no  acquisition  of  atmospheric  index  of 
refraction  data.  Also,  it  is  the  only  equation  that  is  linear  in  its 
constants  and,  since  it  pairs  off  approximately  equal  distances  from 
station  b,  systematic  errors  will  cancel  by  subtraction.  The  other 
equations  require  atmospheric  data  between  the  airplane  and  both,  one, 
or  no  ground  stations,  depending  on  the  D's  eliminated.  The  constants 
of  (IS*)  and  (22')  can  be  determined  wholly  empirically  because  of 
their  substantially  circular  flight  at  a  fairly  constant  elevation, 
whereas  (4')  places  no  constraint  on  flight  variations  but  the  result¬ 
ing  variable  K's  must  be  computed  individually  from  terms  of  (8),  (9) 
and  (10).  Dg  for  (14')  is  calculated  using  the  constants  of  (13)  or 
(7),  depending  on  whether  the  level  flight  is  approximately  circular 
or  not. 

The  zenith  angle  which  appears  in  all  principal  formulas,  can 
of  course  be  replaced  by  the  angle  of  elevation  by  substituting  the 
complimentary  trigonometric  function.  Their  optical  vertical  refrac¬ 
tion  can  be  kept  fairly  constant  either  by  flying  at  nearly  constant 
altitude  and  radius,  or  by  relaying  the  theodolite's  or^  reading  to  the 
pilot.  Therefore  could  be  assigned  an  average  value  or,  better 
yet,  such  value  (including  refraction)  could  be  determined  as  an  em¬ 
pirical  constant  from  the  already  required  least  squares  solution. 

For  example,  by  assuming  (22')  to  be  equal  and  con¬ 

stant,  the  following  parameters  Instead  of  its  (26),  (27)  and  (28) 
would  be  determined: 

K  cosa  ,  K  sinof  sina  ,  K  coacr„  sinor.  .  (29)  (30)  (31) 

V  ZN  N  ZN  N  Z 

S.  GEODETIC  ASPECTS  OF  CALCULATIONS  AND  FIELD  PROCEDURES 

In  practice,  observed  azimuths  involve  plane  rather  than  geodetic 
sections.  Since  the  directions  in  Fig.  3  will  be  observed  only  from 
station  a,  derivations  by  plane  sections  avoids  the  azimuth  correction 
for  the  otherwise  skew  normals  that  would  have  resulted  if  the  elevat¬ 
ed  airplane  position  had  been  projected  perpendicular  to  the  spheroid 
rather  than  made  parallel  to  the  normal  of  a.  Also,  the  observed 
plane  section  directions  from  a  to  p*  are  not  to  be  reduced  to  geodet¬ 
ic  azimuths.  Thus  the  only  azimuth  corrections  [4]  that  may  be  re¬ 
quired  are  those  due  to:  a  large  deviation  of  the  vertical  at  a  in 
the  component  at  right  angles  to  E^,  combined  with  a  high  angle  of 
elevation  Qai  ^  large  relative  skewness  of  the  spheroid  nor¬ 

mals  at  a  and  b,  combined  with  a  large  elevation  of  b  from  sea  level; 
and  of  course  the  difference  between  the  plane  section's  and  the 
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geodetic  azimuth  from  a  to  b.  On  the  other  hand,  if  from  a  to  b  the 
astronomic  rather  than  the  geodetic  azimuth  is  required,  the  correc- 
tion  to  ap  for  the  deviation  of  the  vertical  at  a  must  be  omitted. 

In  this  case  the  plane  through  station  b  is  considered  to  be  perpen¬ 
dicular  to  the  astronomic  vertical,  rather  than  to  the  spheroid's  nor¬ 
mal,  at  station  a.  In  fact,  it  is  strictly  with  respect  to  this  local 
astronomic  vertical  (rather  than  the  spheroid's  normal)  Chat  the  ze¬ 
nith  angle  of  the  airplane  can  be  directly  and  rigorously  observed. 
Finally,  the  geodetic  distance  is  generally  obtained  from  the  chord  by 
calculating  a  corresponding  circular  arc  based  on  the  average  radius 
of  curvature  between  stations  a  and  b,  taking  their  elevations  into 
consideration.  A  more  sophisticated  procedure  is  to  consider  the  dis¬ 
tance  as  an  arc  of  an  appropriate  ellipse. 

It  does  not  matter  whether  horizontal  theodolite  directions  are 
taken  counter  or  clockwise,  or  with  respect  to  a  known  or  arbitrary 
reference  line.  That's  because  the  difference  (cy  -  cvi))  in  (2)  can 
change  only  in  sign,  thus  not  affecting  the  cosine.  The  true  refer¬ 
ence  value  can  be  applied  to  the  result  later  by  addition  of  a  con¬ 
stant.  In  fact,  by  adopting  a  reference  direction  that  makes  all  the 
observed  a  have  approximately  equal  absolute  sines  and  cosines,  the 
least  squares  observation  equations  can  be  assumed  equal  in  weight. 

The  accuracy  of  angular  tracking  can  be  improved  (especially  for 
relatively  uniform,  though  rapid,  circular  motion)  by  the  use  of  an 
electrically  driven  theodolite  with  speed  controls.  Camera  record¬ 
ings  of  strobe-illuminated  cross  hairs  and  of  horizontal  and  vertical 
circles  can  be  used  for  subsequent  correction  of  residual  tracking 
errors.  To  be  sure  that  all  recordings  take  place  only  when  the  air¬ 
plane's  light  is  visible  from  the  optical  ground  station,  the  record¬ 
ing  instants  should  be  determined  by  the  optical  observer.  (Although 
not  treated  here,  star-background  photography  too  could  presumably  be 
used  for  the  azimuth  recordings.) 

6.  ERROR  ANALYSIS  AND  STRENGTH  OF  FIGURE 

In  connection  with  (13)  and  (22)  respectively,  it  has  already 
been  noted  that  Inequalities  of  the  radial  or  paired  distances  pro' 
duce  negligible  errors,  even  If  caused  by  piloting  variations  as 
large  as  ±  .25  nautical  mile.  That's  because  in  (13),  (22)  and  oth¬ 
ers,  the  true  instantantious  recordings  of  the  airplane's  S  are  used. 
Since  a  large  navigational  tolerance  is  permitted,  a  high  percentage 
of  the  measured  data  will  meet  acceptance  standards  --  even  when  dis¬ 
tances  are  to  be  appropriately  paired.  Furthermore,  measurements 
from  two  or  more  similar  flights  can  be  combined  whenever  the  sepa¬ 
rate  ones  may  have  provided  insufficient  data  because  of  clouds  or 
technical  difficulties.  Finally,  when  the  uniformity  of  the  atmos¬ 
pheric  profile  over  the  area  of  operation  is  questionable,  separate 
solutions  by  component  areas  could  be  performed.  In  view  of  the  pre¬ 
ceding,  only  the  effect  of  the  geometrical  configuration  upon  the 
propagation  of  Just  the  Instrumental  measurement  errors  need  be 
analyzed. 

Since  the  angle  of  elevation  of  the  aerial  vehicle  will  be 
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relatively  small,  the  strength  of  the  three-dimensional  figure  is  ap¬ 
proximated  by  the  projected  relationship  (2),  whose  d  and  r  may  be 
assumed  to  contain  their  own  numerical  measurement  errors  plus  small 
lineal  components  from  errors  in  ati.  The  representation  of  (2)  as 
F(d,  a,  r,  N,  Ofij)  •  0  gives; 

4F-|f4d  +  gto  +  ||4r+||4Nt|^toK.O  (32) 

Substitution  of  the  partial  derivatives  into  (32)  gives,  for  any  one 
point,  the  following  error  formulas  WHEN  ow  IS  ASSUMED  TO  BE  ZERO  FOR 
CONVENIENCE: 

.j,  (Ad)  -  (r-N  coag)  Ar  -  (r  N  sinor)  La  (33) 

N  -  r  coaa 


radians 


•  •  rTlnlb?;)-  ^  T,»d 

For  the  two-point  formula,  (22*),  the  error  is  derived  instead  from 
(F^ -  Fg)  >  0,  in  which  the  constant  N^  cancels.  Since  the  symmetry 
with  respect  to  the  two  points  produces  the  same  error  from  each, 
only  one  of  them  was  assumed  in  error  and  the  resulting  became 
half  of  either  (34)  or  (35).  (Since  (22')  is  not  designed  to  provide 
N,  it  is  not  surprising  that  its  AN  becomes  ce.) 

In  (35)  the  change  caused  by  Ad  becomes  minimum  (for  a  given  r) 

when  angle  bpo  is  90°.  In  the  right  triangle  thus  formed  in  Fig.  3, 

r^  +  d^  equals  N^  and  so  the  coefficient  of  Ar  also  becomes  minimum  -- 
in  fact,  zero.  Therefore  Acrj^  from  (35)  is  minimum  when  d  is  perpen¬ 
dicular  to  r,  which  means  that  d  is  tangent  to  the  airplane's  pro¬ 
jected  approximate  circular  course.  The  same  is  true  for  the  two- 
point  solution,  (22').  For  the  distance  error,  (33),  only  the  co¬ 
efficient  of  Ar  will  be  minimum  when  d  is  again  assumed  tangent  to  a 
circle.  Analysis  has  shown,  however,  that  the  sum  of  the  squares  of 

the  errors  caused  by  Ar,  Ad  and  Acr  will  be  minimum  at  the  same  tang- 

ency  point  if  the  latter  are  assumed  related  as  follows; 

Ar  ■  Ad  -  21.r(Acif)]  *  A  (36) 

that  is,  Ar  anu  Ad  are  each  regarded  as  twice  the  size  of  the  lineal 
displacement  of  p  in  Fig,  3,  caused  by  the  rotation  of  r  through  the 
angular  error  Acr.  Substituting  (36)  into  (33)  in  terms  of  A  and  sum¬ 
ming  the  squares  of  the  three  errors,  gives  finally: 

(AN)«  -  t  (37) 

(36)  (N  -  r  coscr)* 


(AN)« 

(36) 


To  check  the  condition  that  will  make  the  coefficient  of  A^  in  (37)  a 
minimum,  obtain  its  derivative  with  respect  to  the  variable  cr;  equate 
the  result  to  ze  o;  then  simplify  to  obtain  coscr»r4-N,  which  Implies 
that  d  in  Fig.  3  is  perpendicular  to  r  and  therefore  tangent  to  the 
circle  as  predicted.  Although  the  specific  assumptions,  (36),  that 
govern  (37)  are  reasonable,  (33)  through  (35)  treat  the  more  general 
cases.  The  latter  can  also  be  used  to  determine  additional 
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mlnitnlsatlon,  luch  •>  by  chooilng  appropriata  ralatlve  or  absoluta 
langtha  for  r  and  N.  (Of  couraa,  the  airplane  ahould  alao  ba  obsarvad 
at  positions  substantially  prior  to  and  past  the  two  ideal  points  of 
tangency,  in  order  to  obtain  independent  observation  equations.)  By 
means  of  (33)  and  (34) ,  the  strength  of  figure  for  a  225  mile  line  has 
been  computed  at  one  of  the  points  of  tangency  and  25  miles  prior  to 
and  past  it,  using  a  flight  arc  of  100  miles  radius.  For  assumed 
measurement  errors  related  as  in  (36)  —  5  ft.  in  r,  5  ft.  in  d  and  1 
sec,  in  cr  the  resulting  root  of  the  summed  square  errors  was  only 
about  6.3  ft.  in  N  and  2.25  sec.  in  for  any  of  the  three  points. 
(The  range  of  the  d  was  201  t  25  miles  approximately.) 

7.  BI-AERIAL  AZIMUTH  &  RA1!GE  FOR  ALL-WEATHER  AND/OR  EXTENDED  SOLUTION 

Fig.  4  provides  the  principal  geometry  for  the  derivation  of  the 
bi-aerlal  method  that  is  plctorially  illuatratad  in  Fig.  2.  The  qua¬ 
drilateral  bo^p^pu  of  Fig.  4  obviously  corresponds  to  the  projected 
triangle  bop  of  Fig.  3.  Therefore  in  lieu  of  the  conventional  law  of 
cosines  used  in  equation  (2)  for  the  triangle,  a  more  general  law  of 
cosines  must  be  deduced  for  a  plane  quadrilateral.  Accordingly,  it 
can  be  shown  that  for  bo  p  p.  in  Fig.  4: 

ft  ft  D 

ri  +  (D|  -  2^)  +  ^  C»a  "  «N^ 

-  dj  +  2NCrj^cos(fy^  '  «N^  +  ^  ^ 

Since  p^'  and  areXd  ,  while  p^'  and  are  J.r  ,  d  and  r 
are  the  projections  of  D^  and  Dj^,  respectively: 

dj  -  D®  -  [  (E^  +  V)  -  -  (V  -  Zb  +  D^cose»2^)8  (39) 

r^  -  Dg  sin  Of 2  (^0) 

ft 

Substitution  of  (39)  and  (40)  into  (38)  gives: 

C^+D^-I^  +  S®  +  V®  +  2VDg  cos  02^"  2NDj  sin  cosOr^  -  0^) 

-  2(V  +  D^  cos  af^)2b  -  2[N  -  sin  02^  cosCar,  -  cru)]  ~  ^  8 

-  2D^  sin  0f2  sln(a^  -  ofjj)  -  Z|  sin  B  “  0  (41) 

whose  Z.  ,  cosg  and  sing  in  the  last  three  terms  are  dependent  on  the 
UNKNOWN  LOCAL  DEFLECTION  OF  THE  ASTRONOMIC  VERTICAL  AT  STATION  b,  and 
are  the  only  remaining  quantities  requiring  appropriate  definition, 
for  the  moment,  assume  that  in  Fig.  4  the  astronomic  verticals  Ej^  and 
Eb  both  lie  in  the  plane  baoa.  Due  to  the  earth's  curvature  and  the 
deflection  components  WITHIN  plane  bao^ ,  E^  and  Eb  will  lack  parallel¬ 
ism  by  angle  9.  This  is  equivalent  to  the  astronomic  arc  from  a  to  b, 
which  is  computed  from  the  spherical  law  of  cosines  using  ASTRONOMIC 
latitudes  and  longitudes  (0,  X.)  as  follows: 

cos  9  “  sin  0J^  sin  0b  +  cos  0jj  cos  0bCos(X,a  "  Xb)  (^2) 

Since  Eb  lacks  perpendicularity  to  bo^p^^Pb  said  angle  9,  g  will  not 
equal  the  corresponding  angle,^',  measured  horizontally  at  b.  The 
relationship  between  g  and  g ' ,  as  well  as  the  Zb  which  too  is  required 
for  (41)  ,  can  be  determined  from  the  coordinates  of  aerial  position 
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which  already  have  bean  duriwd  in  Fig.  5  aucceaaively  from  other 
points.  Ihue,  after  eliminating  rj)  and  Eb  in  the  manner  of  (AO)  and 
the  end  of  (39)  respectively,  there  results: 

2b  ■  Db  ®Zb  ® 9  +  Db  cos  q'2jj  cos  9  (A3) 

cos  9  "  (Db  sin  9  -  Db  cos  ^2^^  sin  9)  (AA) 

sin  9  -  (Db  sin  sin  9')*^^D^  "  2^  (A5) 

Since  the  physical  direction  of  the  reference  line  N  is  not  known  ex¬ 
actly,  all  the  observed  9'  must  be  modified  by  a  small  empirical  con¬ 
stant.  Also,  since  a  small  deflection  of  the  vertical  in  the  plane 
normal  to  baO|^  will  actually  exist,  a  small  constant  modification  to  0 

also  will  do  if  the  RANGE  OF  VAUJES  OF  0  IS  MODERATE  AND  SUFFICIENTLY 

SYMMETRIC  REUTIVE  TO  OPPOSITE  SIDES  of  N.  Thus: 

Kg •  -  correction  to  9'  ;  ^  *  correction  to  9  .  (A6)  (A7) 

Actually,  if  the  flight  is  also  reasonably  circular  and  level,  all 
quantities  except  9'>  6  snd  perhaps  in  (A3),  (AA)  and  (AS)  can  be 
regarded  as  constants.  (Since  a  to  b  is  long,  the  small  deflection 
normal  to  bao^^  does  not  change  6.)  Substitution  of  (A2)  through  (A7) 
into  (Al)  --  numerically,  algebraically  or  simplified  as  above  when 
appropriate  --  finally  produces  an  azimuth  and  range  equation  corre¬ 
sponding  to  (A),  but  for  two  airplanes  instead  of  one.  Hence  the  fur¬ 
ther  simplifications  represented  by  equations  beyond  (A)  can  be  ap¬ 
plied  to  the  data  of  EITHER  or  BOTH  stations.  The  azimuth  can  be  geo- 
detlcally  referenced  by  applying  to  a  correction  for  the  known  de¬ 
flection  at  station  a. 

8.  CONCLUSIONS 

The  three-dimensional  solutions  derived  here  for  azimuth  and 
range  up  to  700  miles  are  virtually  all-weather  because  of  their 
use  of  electromagnetic  distance,  non- simultaneous  or  under-cloud 
optical  observations,  and  unexacting  serial  navigation  which  allows 
measurements  from  different  passes  to  be  combined,  if  insufficient, 
rather  than  discarded.  Yet  the  flight  pattern  eliminates  much  or  all 
atmospheric  data  acquisition.  For  the  bi-aerial  procedure,  small  Army 
type  aircraft  are  ideal.  The  methods  are  therefore  more  economical, 
rapid  and  accurate  than  contemporary  ones  requiring  virtually  straight 
flights,  simultaneous  optical  observations,  atmospherically  stable 
electromagnetic  interferometers,  or  appropriate  satellite  passes. 
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FIG.  2;  BI-AERIAL  METHOD  FOR  ALL-WEATHER  OR  EXTENDED  SOLUTION 
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Pravious  vork  in  theae  laboratorlea  haa  produced  the  flrat 
knovm  phoaphorua-containing  ferrocene  derlvatlvea,  and  haa  ahoim  that 
contrary  to  the  general  behavior  of  aromatic  conpouuda,  ferrooena 
reacta  vith  phoaphorua  trichloride  under  Friedel^rafta  conditiona  to 
give  the  tertiary  phoaphine  (l)* 


3 


♦  PCI. 


AlCl. 


-►  3  HOI 


Aa  an  outgrcvth  of  thia  vork,  it  vaa  recently  doaonatrated  that 
ferrocene  xmdergoea  reactions  vith  phenylphosphonoua  dichloride  and 
diphenylphoaphinoua  chloride  in  the  preaence  of  anhydroua  aluminua 
chloride  to  give  diferrocenylphenylphoaphine  and  ferrocenyldiphenyl- 
phoaphine,  respectively  (s). 


AlCl 

2  ArH  <►  CgH^PClg— - - ^  {kr) 2  HCl 

AlCl 

AiR^  (CgHjgPCl - U  ArPCCgHj)^  ^ 

(Ar  -  ferrocenyl) 


These  compounds  represent  the  first  unsynmetrical  tertiary  phosphines 
prepared  by  a  Friedel<<lrafts  process.  The  preparative  method  is 
facile  and  novel.  Its  usefulness  lies  in  the  fact  that  to  produce 
these  coapounds,  it  is  unnecessary  to  prepare  an  intermediate  metallic 
derivative  of  ferrocene  for  interaction  vith  the  acid  chlorides,  as 
required  by  older  methods  (3). 

The  purpose  of  the  present  vork  is  threefold;  (a)  to  deter¬ 
mine  the  scope  of  the  nev  process  for  the  synthesis  of  unsymmetrlcal 
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tertiary  phosphines  of  ferrocene;  (b)  to  determine  the  applicability 
of  Priedel-Ciafts  reactions  in  the  preparation  of  arsenic  emd  boron- 
containing  ferrocene  derivatives;  (c)  to  investigate  the  usefulness  of 
lithioferrooenes  in  the  preparation  of  ferrocene  derivatives  contain¬ 
ing  phosphorus,  arsenic,  and  boron.  This  paper  describes  the  results 
which  have  been  obtained  to  date.  The  work  should  lead  ultimately  to 
the  preparation  of  novel  ferrocene  polymers. 


Results  and  Discussion 


Unsymmetrical  Tertiary  Phosphines  of  Ferrocene  by  Friedel- 
Crafts  Reactions.-  Reactions  of  p-methoxy-,  p-methyl-,  p-chloro-,  and 
p-cyanophenylphosphonouB  dichlorides  with  ferrocene  under  Priedel- 
Crafts  conditions  have  been  fotmd  to  give,  after  thirty  hours  of 
refluxing  in  n-heptane,  the  corresponding  tertiary  phosphines,  I,  II, 
III,  said  IV,  respectively.  Table  I,  and/or  phosphine  oxides  in  yields 
shown  in  the  Table. 


T&ble  I 

Diferrocenyl- (substltuted)phenylphoBphines , 


Phosphine 

R  = 

Yield® 

Recovered 

ferrocene 

I 

CHoO 

k7  t 

17] 

1 

27 

II 

CHo 

73  1 

14] 

1 

l6 

III 

ci-^ 

53  < 

21 

k 

19 

IV 

CN 

15  1 

tl5] 

r 

55 

®  Includes  the  phosphine  isolated  as  its  oxide 

^  and  recorded  in  parentheses. 

The  oxide  was  obtained  as  the  hemihydrate. 


Formation  of  these  compounds  in  this  manner  substantiates  the  mecha¬ 
nism  si;iggested  previously  (l,  2),  viz.  trisubstitution  on  phosphorus 
occurs  in  a  stepwise  fashion.  In  the  present  instance,  this  may  be 
represented  as  follows. 


ArPCl 


+  AlCl, 


¥ 


-Cl 

■Ar 


+  AlCl^  + 


HCl 


^^P-Ar 

+  if  +AlCir 

<I>  ^ 


+  HCl 


Diferrocenylphenylphosphine  was  previously  obtained  (2)  in 
755^  yield  (including  8^  as  the  oxide)  after  a  shorter  period  of  refl\ax 
(twenty  hours)  employing  the  same  molar  ratio,  2:1:1,  of  ferrocene. 
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acid  chloride,  and  alxunlnum  chloride  In  n -heptane*  It  appears  that 
chloro-  and  methoxyphenylphosphonous  dlchlorldes  have  a  significant 
retarding  effect  on  the  subsequent  reaction  with  ferrocene  to  form  the 
tertiary  phosphine.  In  the  case  of  methoxyphenyl,  this  retarding 
effect  might  be  explained  In  terms  of  veakenlng  of  the  positive  charge 
on  phosphorus  In  the  Intermediate  electrophiles  by  resonance. 


CHgO-^-f-Cl 


CH2$=<(^PC1 


CH3$-Q«P^ 


In  the  chlorophenyl  case,  although  similar  resonance  forms  can  be 
written,  the  electron-^thdrawlng  (inductive)  effect  of  this  groip 
Should  also  retard  the  Initial  dissociation  process 

Cl-^-PClg  +  AICI3 - -  Cl-Q-fci  +  AlCljJ 

by  which  the  Intermediate  electrophile  Is  produced.  This  latter  mode 
of  retardation  shoiold  be  even  more  pronounced  In  the  case  of  the 
strongly  electron  withdrawing  p-cyanophenyl  group.  The  relatively  low 
yield  of  product,  and  large  recovery  of  ferrocene  obtained  from  the 
reaction  of  p-cyanopheny3phosphonous  dlchlorlde  (Table  l),  however,  Is 
attributed  In  large  part  to  experimental  factors. 

p-CyanophenylphosphonouB  dlchlorlde  shows  onlj'  slight  solu¬ 
bility  In  n-heptane,  and  was  thus  added  to  the  reaction  flask  (con¬ 
taining  ferrocene  In  heptane)  In  the  molten  state  rather  than  In 
solution.  The  res\iltant  inhomogeneity  of  the  reaction  mixture  may 
also  account  for  the  fact  that  only  the  oxide  was  Isolated.  Under 
more  homogeneous  conditions  resulting  from  the  use  of  an  appropriate 
solvent,  the  phosphine  should  be  Isolable  since  in  all  other  cases 
the  phosphine  was  isolated  in  major  amount.  Like  diferrocenylphenyl- 
phosphlne  (2),  the  pure  dlferrocenyl-(substituted)phenylpho8phines  are 
stable  to  air  oxidation,  but  complexes  of  these  are  oxidized  in  the 
presence  of  aluminum  chloride  when  air  is  not  excluded  from  the  re¬ 
fluxing  reaction  mixtures.  Those  phosphines  which  were  Isolated  were 
readily  converted  to  the  corresponding  quaternary  salts  on  treatment 
with  methyl  iodide. 

Substituted  phenyl  groups  of  widely  divergent  Hammett  sigma 
values,  -0.268  for  p -methoxyphenyl  to  +0.660  for  p-cyanophenyl  (4), 
have  been  included  in  this  investigation.  The  results  show  that  the 
reaction  of  ferrocene  with  aromatic  phosphonous  dichlorides  (ArPClp) 
under  Priedel-Crafts  conditions  to  give  tertiary  diferrocenylphospnlnes 
is  general  and  of  wide  scqpe. 

Frledel-Crafts  Reaction  of  Ferrocene  with  Arsenic  Trichlor¬ 
ide.-  That  ferrocene  londergoes  trisubstitution  on  phosphorus  \mder 
Fidedel -Crafts  conditions  is  strong  evidence  that  the  compound  Is  a 
highly  reactive  nucleophile  (2).  It  therefore  seemed  reasonable  to 
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expact  that  reaction  with  arsenic  trichloride  under  the  same  condi¬ 
tions  would  lead  to  trlsuhstltution  on  arsenic,  since  benzene  has 
been  reported  to  give  the  tertiary  arsine  (5),  although  not  the  ter- 
tleoy  phosphine  (6). 

It  has  been  found,  however,  that  ferrocene  undergoes  only 
monosubstitution  on  arsenic  tinder  a  variety  of  experimental  conditions. 
Ferrocenylarsenic  oxide  (V)  was  the  only  product  obtained  after  hy¬ 
drolysis  of  the  reaction  solids,  and  arose  from  ferrocenyldlchloro- 
arslne  (Vl)  as  precursor.  Table  II  summarizes  the  results.  Employing 
a  3:1 si  molar  ratio  of  ferrocene,  arsenic  trichloride,  and  aluminum 
chloride  in  refluxing  n-heptane  for  twenty  hours  gave  the  oxide  in 
optimum,  although  modest  yield. 

Vnien  carbon  disulfide  was  used  as  solvent,  the  product  was 
isolated  only  in  trace  amount.  With  excess  arsenic  trichloride  as 
solvent,  the  product  could  be  isolated  after  heating  the  reaction 
mixture  at  75-80*  (Table  II),  but  only  intractable  black  solids  were 
obtained  after  refluxing  (13O®).  In  most  cases  (Table  II),  ferrocene 
could  be  accounted  for  almost  quantitatively. 

Table  II 

Priedel-Crafts  Reaction  of  Ferrocene 
with  Arsenic  Trichloride 


Molar  ratio, 
ferrocene : 
AsCl^:AlCl 

Solvent 

Reflux 

time, 

hr. 

Yield  of  ferro 
Recovered  cenylarsenic 

ferrocene,®’  oxide  ^V), 

3 

.1 

1 

n-heptane 

20 

76 

22 

3 

!l 

1 

n 

30 

62 

6! 

16 

3 

ll 

3 

It 

20 

88 

18) 

6 

3 

:1 

1.5 

It 

20 

76 

12) 

15 

3 

ll 

.0.5 

ft 

20 

85 

3) 

10 

3 

ll 

il 

cs^ 

90 

14) 

1 

1 

13 

10.75 

AsCl^ 

82 

33) 

5 

1 

53 

1O.75 

.’»3 

20^ 

86 

(30)  8 

Includes  ferrocinium  ion  converted  to  ferrocene, 
auid  recorded  in  perentheses. 

°  The  reaction  mixture  was  heated  at  75-80®. 


Although  the  structixre  of  phenylarsenic  oxide  has  not  been 
established  (7),  ferrocenylarsenlc  oxide  is  fozmilated  as  a  cyclic 
dimer  (V)  on  the  basis  of  its  chemistry.  Chemical  transfozmatlons 
were  perfoimed  giving  ferrocenyldichloroarsine  (Vl),  bis(ferrocenyl- 
chloroersenic)  oxide  (VIl),  and  biB(ferroceiiylhydroxyarsenic)  oxide 
(VIIl)  as  indicated  in  the  following  scheme.  The  structure  of  oxide 
VII  was  confinned  by  molecular  weight  determination. 
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Cryst.  from  or  CHCl 
Cryst.  from  pyridine 


VII  VI 


Bis(ferrocenylchlorcarseniG)  oxide  (VIl)  was  obtained  from  ferrocenyl- 
dichloroarsine  (VI^  by  evaporation  of  its  solution  in  petroleum  ether 
(but  not  n-heptane),  and  could  be  hydrolyzed  readily  to  oxide  V. 

Oxides  V,  VII,  and  VIII  were  readily  converted  to  the  dichloroeursine 
(Vl)  by  trituration  with  concentrated  hydrochloric  acid. 

Ferrocenylarsenic  oxide  (V)  is  soluble  in  aqueous  alkali, 
as  is  phenylarsenic  oxide  (7),  and  is  probably  converted  to  the  salt, 
Va.  Oxide  V  is  regenerated  on  acidification.  Prolonged  heating  of  a 
solution  of  V  in  aqueous  alkali  gives  insoluble  VIII  very  likely  via 
hydrolysis  of  the  salt  (Va)  first  formed,  the  equilibrium  being 
shifted  in  the  direction  of  VIII  as  VIII  separates  from  solution. 


<^As^  V-O  0H~^  OAs  45-0 

W  0^  W  W  0"  HO  W  HO  W  +  0H“ 

O  <t>  H  C-H  0)  <J>  -H  O  <t>  <J> 


V 


Va 


VIII 


Attempts  to  crystallize  V  from  chloroform  or  benzene,  or  merely 
heating  V  in  ethanol  produced  insoluble  VIII,  apparently  by  addition 
of  water  across  the  oxide  bridge.  Oxide  VIII  is  practically  Insoluble 
in  all  common  solvents  except  pjoridlne.  Attempted  crystallization  of 
VIII  from  that  solvent  produced  oxide  V  by  removal  of  a  molecule  of 
water.  Freezing  a  solution  of  VIII  in  the  same  solvent,  however, 
caused  VIII  to  separate,  indicating  that  in  ordinary  pyridine  the 
following  equilibrium  exists,  probably  catalyzed  by  hydroxide  ion 
present  in  the  solvent.  „  « 


Compoiuids  VII  and  VIII  are  the  first  examples  of  new  classes 
of  compounds  of  the  type  (RAsC1)20  and  (BAsOH)20,  respectively.  The 
compounds  discussed  are  the  first  known  sorsenic-containing  ferrocene 
derivatives . 
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It  is  to  be  noted  that  the  reaction  of  phosphorus  trichlor¬ 
ide  In  place  of  arsenic  trichloride  under  conditions  otherwise  Iden¬ 
tical  to  the  last  case  sunraarlzed  in  (Table  II,  leads  to  a  10.5^  yield 
of  tertiary  product  euid  4.2^  of  secondary  product,  besides  of 
primary  product  (l).  The  decreased  reactivity  of  ferrocene  in  its 
reaction  with  arsenic  trichloride  relative  to  its  reactivity  with 
phosphorus  trichloride,  and  relative  to  that  of  benzene  in  its  reac¬ 
tion  with  arsenic  trichloride  (5)  indicates  feeble  electrophilic 
character  in  the  intermediate  species,  C^H^FeCcHi^AsCl,  due  to  the 
strongly  electron -donati|^  ferrocenyl  group  (8;.  On  the  other  hand, 
the  phenyl  analog,  CgH^sCl,  must  be  a  relatively  strong  electrophile 
since  it  reacts  further  with  benzene  (3)*  It  was  therefore  suzprlslng 
that  the  reaction  of  ferrocene  with  phenyl  dlchloroarsine  under 
Frledel -Crafts  conditions  did  not  produce  the  ferrocenylphenylarslne . 
(The  reason  for  this  is  unclear* 

Reaction  of  Ferrocene  with  Boron  (Trichloride  under  Frledel- 
Crafts  Conditions*-  Benzene  has  been  reported  to  undergo  monosubstl- 
tutlon  on  boron  in  a  reaction  with  boron  trichloride  and  edumlnum 
metal  (9)*  Both  mono-  and  dlsubstltution  are  obtained,  however,  when 
benzene  reacts  with  boron  tribromide  and  almnlnum  chloride  (lO).  In 
the  case  of  ferrocene,  mono-  and  l,l*-dlboronic  acids  have  been  pre¬ 
pared  via  the  reaction  of  lithioferrocenes  with  butyl  borate  (ll). 
However,  no  investigation  of  the  behavior  of  ferrocene  with  boron 
trichloride  \mder  Priedel-Crafts  conditions  has  been  reported. 

(The  aluminum  chloride -catalyzed  reaction  of  ferrocene  with 
boron  trichloride  to  produce  hitherto  unknown  di-  and  triferrocenyl 
derivatives  of  boron  appeared  to  be  feasible  from  two  standpoints ; 
ferrocene  is  a  hl^ly  reactive  nucleophile;  boron  trichloride  is  a 
strong  electrophile  by  virtue  of  the  incomplete  octet  of  electrons  on 
boron.  Unlike  the  phosphorus  trichloride-aluminvun  chloride  system, 
no  interaction  occurs  between  boron  trichloride  and  aluminum  chloride 
as  such.  The  requisite  electrophilic  species,  BClg#  appeeurs  to  fonn 
under  Priedel-Crafts  conditions  via  a  solvation  step  as  follows  (9)  • 

ArH  +  BCl^ - ►  ArH^BCl^  ArHBClgAlClj^ 

Ferrocene  was  expected  to  serve  in  the  capacity  of  ArH. 

We  have  now  found  that  the  reaction  of  ferrocene  leads  to 
monosubstitution  on  boron,  and  have  found  no  evidence  to  indicate 
that  disubstitution  occurs  under  the  conditions  investigated  to  date. 
With  ferrocene,  boron  trichloride,  and  aluminum  chloride  in  a  3:1:1 
molar  ratio  in  refluxing  heptane  (twenty  hours),  ferrocenylboronic 
acid  (ix)  was  obtained  in  27^  yield,  eurising  by  hydrol^is  of  the  reac¬ 
tion  product,  feiTOcenyldichlorobcnreuie  (C5H5PeCcH4BCl2) .  The  boronic 
acid  (ix)  was  dried  under  reduced  pressure  to  produce  ferrocenyl¬ 
boronic  anhydride  trimer  (X).  Boronic  acids,  in  generetl,  are  known  to 
give  only  cyclic,  trimeric  auohydrides  (boroxoles)  on  undergoing  dehy¬ 
dration  (12) .  The  trimeric  structure  of  X  was  confirmed  by  molecular 
vei£^t  determination  in  camphor.  (The  anhydride  has  not  been  reported 
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previously  by  Russian  (ll)  or  American  (l3)  workers  in  their  investi¬ 
gations  of  ferrocenylboronlc  acid  prepared  from  lithioferrocene . 


in  vacuo 


The  anhydride  was  converted  to  the  boronic  acid  by  dissolv¬ 
ing  in  95^^  ethanol,  or  by  acidification  of  its  solution  in  aqueous 
alkali.  Mulling  the  boronlc  acid  in  hexachlorobutadiene  caused  dehy¬ 
dration  to  the  anhydride,  as  determined  by  Infrared  spectrum.  Mulling 
the  acid  in  mineral  oil  (Nujol)  did  not  produce  this  effect. 

Phosphorus  and  Arsenic -Containing  Ferrocene  Derivatives  from 
Llthioferrocenes . -  Acetylation  of  ferrocene  with  excess  acetyl  chlor¬ 
ide  and  altiminum  chloride  readily  leads  to  1,1' -diace tylferrocene  (ll^). 
Attempts  to  obtain  ferrocene  derivatives  with  phosphorus  attached  to 
both  cyclopentadienyl  rings  by  Friedel^rafts  reactions,  however,  have 
given  only  negative  results.  For  example,  ferrocenyldiphenylphosphlne 
did  not  react  with  dlphenylphosphinous  chloride  to  give  the  expected 
biphosphine.  This  is  attributed  to  formation  of  an  interfering  salt 
complex  between  the  monophosphine  and  aluminum  chloride. 

1,1' -Bis fdiphenylphosphino) ferrocene  (XI )  and  ferrocenyl- 
diphenylphosphine  (XII )  have  now  been  prepared  in  lU^  and  yields, 
respectively,  by  reaction  of  a  mixture  of  mono-  and  dllithioferrocenes 
with  dlphenylphosphinous  chloride. 


(©)2PC1 

^  - -  '  '  »  Fi  +  Fe 


00.1) 


XI 


❖ 


XII 


Phosphine  XII  was  shown  by  infrared  spectrum  and  mixed  melting  point 
determination  to  be  identical  to  the  product  prepared  under  Friedel- 
Crafts  conditions  (2).  The  biphosphine  (Xl)  is  the  first  ferrocene 
derivative  containing  two  atoms  of  phosphorus.  The  bis -quaternary 
salt  was  readily  obtained  upon  treatment  of  XI  with  excess  methyl 
iodide 


Lithioferrocenes  also  have  been  employed  in  a  reaction  with 
diphen^ Ichloroarsine  to  produce  1,1' -bis (diphenylarsino) ferrocene 
(XIIl)  and  ferrocenyldiphenylarsine  (XIV),  compounds  not  preparable  by 
Friedel-Crafts  reactions. 


O-Li  (0)2AsC1  ^As(0)2  ^As(€J)2 

^  - ►  Ee  +  ^ 

<!>(Li)  (€^)2As-^  O 


XIII 


XIV 
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Althou^  isolated  In  less  than  10^  yield,  these  c  jnQpounds  should  be 
obtainable  in  greater  yield  throu^  development  of  improved  procedures 
for  working  up  the  unusually  complex  reaction  mixture.  The  biarsine 
(XIII)  is  the  first  ferrocene  derivative  containing  two  arsenic  atoms. 

Experimental* 

Diferrocenyl-( substituted)  phenvlphosphlnes  (l-IV)  emd  De» 
rivatives.-  The  terblaiy  phosphines  and  oxides  Cl.  II.  111.  IV; 

Table  I }  were  prepared  from  the  appropriately  substituted  phenylphos- 
phonous  dlchlorldes  (O.l  mole)  by  reactions  with  ferrocene  (0.2  mole; 
37«S  g.)  and  anhydrous  aluminum  chloride  (O.l  mole.;  13.4  g.}  in  reflux¬ 
ing  n-heptane  (30  hr.),  analogous  to  the  reaction  previously  repox^ed 
for  the  preparation  of  diferrocenylphenylphosphine  and  its  oxide  (2). 
p-Methoxyphenylphosphonous  dlchloride  was  prepared  by  the  method  of 
Viout  (15%  The  procedure  described  by  Buchner  and  Lockhart  (16)  was 
used  for  the  preparation  of  p-tolylphosphonous  dlchloride.  p-Chloro- 
phenylphosphonous  dlchloride  (distilling  121-122*  at  13  nun.)  was  pre- 
pcured  by  a  reaction  modeled  after  this  method.  p-Cyanophenylphos- 
phonous  dlchloride  was  s^theslzed  according  to  the  procedure  outlined 
by  Quin  auid  Humphrey  (l?).  Because  of  the  limited  solubility  of  the 
nitrile  in  n-heptane,  this  reactant  was  added  dropwise  in  the  molten 
state  to  ferrocene  in  n-heptane.  Only  the  phosphine  oxide  was  isolated 
in  this  case,  and  shown  to  be  a  hemihydrate.  Amounts  of  ferrocene  re¬ 
covered  from  the  reaction  mixtures  are  listed  in  Table  I.  Quaternary 
methlodides  usually  were  prepared  from  the  phosphines  and  methyl 
iodide  in  benzene,  as  previously  (2).  Dlferrocenyl-p-methoxyphenylphos- 
phlne  (l)  was  crysteLllized  from  ethanol  giving  an  orange  powder,  m.p. 
158-160*  (dec.);  yield  15.4  g.  (SOjt). 

Anal.  Calcd.  for  C27H25Fe^P:  C,  63.8I;  H,  4.96;  Pc,  21.98; 

P,  6.10.  Found:  C,  64,16;  H,  5-58;  Fe,  22.13;  P,  6.17. 

Phosphine  1  oxide  was  obtained  as  orange  needles  from  isopropyl  alco¬ 
hol,  m.p.  111-113*;  yield  8.9  g.  (17?^). 

Anal.  Calcd.  for  C2YH25Fe^2p:  C,  61.87;  H,  4.83;  P,  5.92 
Found:  C,  62.39;  H,  4.91;  P,  5.97, 

Phosphine  I  methlodlde,  not  cryst^lizable  from  alcohols,  was  washed 
with  benzene;  m.p.  87-89*. 

Anal.  Calcd.  for  C28H2aFe2l0P:  C,  51.73;  H,  4.34;  I,  19-52; 

P,  4.7^.  Found:  C,  52.40;  H,  4.66;  I.  19-15;  P,  4.66. 
Diferrocenyl-p-tolylphosphlne  (ll)  was  crystallized  from  ethanol 
affording  a  yellow  powder,  m.p.  165-167*  (dec.);  yield  28.8  g,  (595^). 

Anal.  Calcd.  for  C27H27Pe2P:  C,  65,62;  H,  5.51;  Fe,  22.60; 

P,  6.27.  Pound:  C,  66. 3O;  H,  5-50;  Fe,  22.22;  P,  6.24. 

Phosphine  II  oxide  was  obtained  as  a  yellow  powder  from  benzene-hep- 
t«uie,  m.p.  151-153"  (dec.);  yield  7.1  g.  (l4^6). 

Anal.  Calcd.  for  C^H^FegOP:  C,  63.56;  H,  5-33;  P>  6.O7. 

Found;  C,  64.36;  H,  5.64;  P,  5.87 


^  Melting  points  are  imcorrected.  The  analyses  were  performed  by 
Schwarzkopf  Microeuialytical  Laboratory,  Woodside,  N.  Y, 
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Phosphine  II  nethiodlde  was  crystallized  from  isopropyl  alcohol 
giving  dark  crange  crystals,  m.p.  1&1-122** 

Anal.  Calcd.  for  Og0H2QFe2lP:  C,  52.86;  H,  U.75;  1,  19-95; 

P,  4.87.  Found:  0,  53-52;  H,  5-26;  I,  19-1^*;  P,  i^-82. 
Diferrocenyl-p-chlorophenylphosphlne  (ill)  was  crystallized  from  etha¬ 
nol  giving  a  yellow  powder,  m.p.  166-168“  (dec.;;  yield  l6.4  g,  (32^t). 

Anal.  Calcd.  for  026^22^^^'  60.92;  H,  1+.33;  Cl,  6.92; 

P,  6.CA.  Pound!  C,  60.97;  H,  4.62;  Cl,  6.94;  P,  6.00. 

Phosphine  III  oxide  was  crystallized  from  benzene  giving  orange  crys¬ 
talline  clusters,  m.p.  l62-l64“  (dec.);  yield  11.0  g.  (21^). 

Anal.  Calcd.  for  €2^22^^^^^'  59-08;  H,  4.20;  Cl,  6.71; 

P,  :>.86.  Found!  o',  59*50;  H,  4.48;  Cl,  6.48;  P,  5.75- 
Phospiilne  III  methiodide  was  prepared  from  the  phosphine  in  n-heptane. 
Not  crystallizable  from  alcohols,  the  methiodide  was  washed  with 
benzene;  m.p.  173“175*» 

Anal.  Calcd.  for  C27H25ClPe2lP!  C,  49.55;  H,  3-85;  Cl,  5-**2; 

I,  19-39-  Found:  C,  49.^8; '^H,  4.05;  Cl,  5-29;  I,  18.95- 
Phosphine  IV  oxide  hemlhydrate  was  cr^talllzed  from  n-heptane  giving 
an  orange  powder,  m.p.  207-208*  (dec.)®;  yield  7-4  g.  (l5^). 

Anal.  Calcd.  for  (C2YH22Fe2^P) 2*^20:  C,  6l,40;  H,  4.39; 

N,  2.65;  P,  5.87.  Found!  C,  6I.8O;  H,  4.73;  N,  2.76;  P,  5.76. 

Ferrocenyl^senlc  Oxide  (V)  and  Derivatives  (VI -VIII).-  The 
Inaction  of  55.8  g.  (0.3  mole)  of  ftrrocene,  18.I  g.  (o.l  mole)  of 
arsenic  trichloride,  and  13.3  8-  (O.l  mole)  of  anhydrous  aluminum 
chloride  was  perfomied  in  a  total  of  6OO  ml.  of  refluxing  n-heptane 
(20  hr.)  analogously  to  reactions  of  acid  chlorides  of  phosphorus  de¬ 
scribed  previously  (2) .  Extraction'  of  the  reaction  solids  with  2N 
sodium  hydroxide,  and  acidification  of  the  extract  at  5“  with  concen¬ 
trated  hydrochloric  acid  gave  6.1  g.  f22^)  of  ferrocenylarsenic  oxide 
(V)  as  a  yellow  powder,  m.p.  275.5-270“  (dec.). 

Anal.  Calcd.  for  (C3^QHQAsFeO)2:  C,  43.53;  H,  3-28;  As,  27-14; 
Fe,  20.24.  Found:  C,  43.17;  H,  3-52;  As,  27-44;  Pte,  19.97- 
A  solution  of  oxide  V  in  chlorofonn  (or  benzene)  was  concentrated  and 
cooled  causing  bis(ferrocenylhydroxyarsenic)  oxide  (VIIl)  to  sepaurate 
as  a  light  yellow  powder,  m.p.  266-267*  (dec.). 

Anal.  Calcd.  for  C2oH2oAs2Fe203:  C,  42.15;  H,  3-54;  As,  26.29; 
Fe,  19.60.  Found!  C,  42.12;  H,  3-^;  As,  25.83;  Fe,  I8.78. 

Oxide  V  was  triturated  with  concentrated  hydrochloric  acid.  Extrac¬ 
tion  with  n-heptane,  and  evaporation  of  the  solvent  under  an  air 
stream  gave  ferrocenyldichloroaoreine  (VI)  in  yield,  in  the  form  of 
golden  leaflets,  m.p.  63-64.5",  The  product  crystallized  from  n-hep¬ 
tane  as  an  orange  powder.  It  hydrolyzed  slowly  in  air,  or  rapidly  on 
trituration  with  water,  to  oxide  V.  Trituration  of  oxides  VII  and 
VIII  with  concentrated  hydrochloric  acid  also  produced  the  dichloro- 
arsine  (Vl). 

Anal.  Calcd.  for  Cj^QH^sClgPe :  C,  36. 30;  H,  2.74;  As,  22.64; 

1*  The  compound  vbs  first  dried  at  110''  in  vacuo  for  tViree  hours. 
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Cl,  21.1^3;  M.W.  530.8.  Found;  C,  36.95;  H,  3.02j  As,  22.33;  Cl, 

21.43;  M.W.  323  Ccan^hor). 

A  eolutlcm  of  fexTocenyldlchloroarsine  (VI)  in  petroleum  ether  (b.p. 
30-75*)  vas  evaporated  slovly  to  dryness  under  an  air  stream.  The 
residue  vas  stirred  vlth  petroleum  ether  at  room  temperature,  and  the 
insoluble  solid  removed  by  filtration.  Additional  solid  vas  obtained 
by  repetition  of  this  procedure,  employing  the  filtrate  each  time. 

The  solid  vas  crystallized  from  n-heptane  to  give  bls(ferrocenyl- 
chloroarsenlc)  oxide  (VII)  as  a  yellov  povder,  m.p.  116*3-120*.  Oxide 
VII  hydrolyzed  slovly  in  air,  or  repldly  on  trituration  vlth  vater,  to 
oxide  V. 

Anad.  Calcd.  for  C2QH2^9A82ClgPe20:  C,  39*59;  H,  2*99;  As,  24.69; 
Cl,  11.69;  M.W.  606.8.  Found:  C,  40.37;  H,  3*33;  As,  24.01;  Cl, 

11.06;  M.W.  585  (camphor),  594  (osmotically  in  benzene). 

Ferrocenylboronic  Acid  (JX)  and  Its  Anhydride  (X). -  The  re¬ 
action  of  39.0  g.  Q0.21  mole)  of  feirocene,  8.2  g.  (0,07  mole)  of 
boron  trichloride,  euid  9,3  g,  (0.07  mole)  of  anhydrous  aluminum 
chloride  vas  run  In  250  ml.  of  reflxucing  n-heptane  (20  hr.)  analo¬ 
gously  to  the  reactions  of  acid  chlorides  of  phosphorus  described  pre¬ 
viously  (2),  vlth  one  notable  exception.  !Rie  reaction  flasX  vas  in¬ 
itially  cooled  to  -70®  vhile  gaseous  boron  trichloride,  previously 
condensed  in  a  dry-ice -acetone  bath,  weighed,  then  allowed  to  warm  to 
room  temperature,  was  led  Intc  the  heptane -ferrocene -aluminum  chloride 
mixtxire.  After  a  period  of  warming  to  room  temperature  with  stirring, 
the  reaction  mixture  was  refluxed.  Extraction  of  the  reaction  solids 
with  2N  sodium  hydroxide,  and  acidification  of  the  extract  at  0*  with 
2N  sulfuric  acid  gave  13*2  g.  (279^)  of  ferrocenylboronic  acid  (IX)  as 
a  yellow  powder,  m.p.  143-145*;  lit,  143-148*  (ll).  The  boronic  acid 
was  dried  under  reduced  pressure  for  three  days  over  phosphorus  pent- 
oxide,  then  crystallized  from  n-hept€uie  giving  oramge,  crystalline 
ferrocenylborenic  anhydride  trimer  (X),  m.p.  263-265". 

Anal.  Calcd.  for  (CioHnBPeO)^;  0,  56.70;  H,  4.28;  B,  5*11; 

M.W.  635.5.  Found:  C,  57*06;  H,  4.51;  B,  5*31;  M.W,  627  (camphor). 

ljl'-Bl8(dlphenylphosphino)ferrQcene  (Xl)  and  Ferrocenyl- 
diphenylphosphine  (xil).-  A  mixture  of  mono-  emd  dilithloferrocenes 
was  prepared  by  a  method  based  on  that  of  Rausch  et  al  (18),  using 

O. 6  mole  of  n-butyllithium  «uid  l8,6  g.  (o.l  mole)  of  ferrocene  in  500 
ml,  of  a  1:1  mixture  of  tetrahydrofuran  and  ether,  with  20  hr.  of 
stirring  at  room  temperature.  After  dropwise  addition  of  the  lithiimi 
reagents  (2  hr.  without  cooling)  to  122,0  g.  (0,55  mole)  of  commer¬ 
cially  available  diphenylphosphinous  chloride  in  5OO  ml,  of  ether,  the 
mixture  was  refluxed  for  20  hr.  Evaporation  of  solvent  from  the  liquid 
phase  produced  a  dark  red  oil  which  yielded  7.8  g.  (l4^)  of  1,1 '-bis- 
(diphenylphosphino)  ferrocene  (XI),  and  11.4  g,  ^30%)  of  ferrooenyldi- 
phenylphosphine  (XIl),  The  blphosphine  (XI)  was  crystallized  from 
ethanol  giving  yellow  needles,  m.p,  182-184*. 

Anal.  Calcd,  for  73.66;  H,  5*09;  Fe,  10,07; 

P,  11,18.  Found:  C,  73*90;  H,  5*26;  Fe,  10. 50;  P,  11.10. 

Tlie  monophosphine  (XII^  ^as  crysteJ-li  zed  from  n-heptane  affording 
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orange  cryatali,  m.p*  1S2*124*,  vhlch  caused  no  melting-point  de¬ 
pression  on  admixture  vith  an  authentic  san^le  (p).  A  sample  of  the 
hiphosphine  (Xl)  was  dissolved  in  excess  methyl  iodide.  The  bis- 
quaternary  methiodide  separated  as  an  osrange  powder  in  less  than  one 
min.,  and  was  washed  with  benzene;  m.p.  2P3’*2Pd*  (dec.). 

4BiL.  Calcd.  for  Co<H34Pel2P2:  0,  51«5&j  H,  2^.09;  1,  30.26; 

P,  7.39.  Pound:  C,  50.75;  H,  4.51;  I,  30.29;  7.50. 

l‘l'-BiB-(diiphenylarsino)ferrocene  (XIIl)  and  Perrocenyldi- 
phenyl^ine  (jciV).-  Diphenylchloroarsine  was  prepared  by  tiie  mettiod 
0^  Barker  et  al  (19).  Arsines  XIII  and  XIV  were  prepared  by  the  re¬ 
action  of  a  mixture  of  mono-  and  dllithloferrocenes  vith  diphenyl¬ 
chloroarsine  using  a  procedvire  paralleling  that  employed  for  the 
synthesis  of  the  phosphorus  analogs,  XI  and  XII,  above.  The  red  oil 
remaining  after  evaporation  of  solvent  from  ^e  liquid  phase  of  the 
reaction  mixtuxe  yielded  1.3  g.  (2^)  of  l,l'-bi8(diphenylarslno)- 
ferrocene  (XIII),  and  1.7  g.  ^4)&)  of  ferrocenyldlphenylarsine  (XIV). 

The  blarsine  (XIII)  was  crystallized  from  n-heptane  giving  a  yellow 
powder,  m.p.  145-146.5*. 

Anal.  Ceded,  for  C3]iH2dAsgFe:  C,  63.58;  H,  4.39;  As,  23.33; 

Pe,  eTToT  Pound:  C,  62.83;  H,  4.51;  As,  23-57;  Pe,  9.21. 

The  monoarsine  (XIV)  was  cryatadlized  from  n-heptane  affording  a 
yellow  powder,  m.p.  119.5-121.5*. 

Anal.  Calcd.  for  C22Hx9AsPe:  C,  63*80;  H,  4.62;  As,  16.09; 

Pound:  C,  63.75;  H,  4.91;  As,  l8.04;  Pe,  13*1^9. 

Infrared  Spectra  of  the  Phosphorus.  Arsenic,  and  Boron- 
Containing  rerrocene_!Deri'vatly>8.-  Infrared  spectra  wre  obtained 
fr^  Nujol  mulls  employing  a  I^erkln-Elxaer,  Model  321,  spectrophotometer. 
All  spectra,  except  those  of  the  biphosphlne  (XI)  uid  blarsine  (XIIl), 
show  the  usual  absorptions  near  1110  and  1005  cm.~^  characteristic  of 
monosubstitute d  ferrocenes  (l4).  All  compounds  show  typical  ferrocene 
bands  in  the  regions,  306O-3IOO  cm.*^,  I4l0-l430  cm."^,  and  8IO-83O 
cm."^  (20).  All  ferrocene  derivatives  containing  phosphorus  and 
arsenic  absorb  in  the  regions,  I3IO-I32O  cm.*^  and  1015-1045  cm.“^, 
vhlch  were  assigned  earlier  (l)  to  the  ferrocenyl-phosphorus  group. 

The  assignment  is  now  extended  to  include  the  ferrocenyl -arsenic  group. 

Summary  and  Conclusions 

Diferrocenyl- (substituted )phenylphosphine8  have  been  pre¬ 
pared  by  reactions  of  p-methoxy-,  p-methyl-,  p-chloro-,  emd  p-cyano- 
phenylphosphonouB  dichlorides  with  ferrocene  under  Priedel-Crafts  con¬ 
ditions.  The  results  show  that  the  new  process  for  preparing  unsym- 
metrical  tertiary  phosphines  from  ferrocene  auid  aromatic  phosphonous 
di chlorides  (ArFClg)  is  general  and  of  vide  scope. 

Ferrocene  has  been  found  to  react  with  arsenic  trichloride 
in  the  presence  of  anhydrous  aluminum  chloride  to  give  only  monosub - 
stltutlon  on  arsenic  under  a  variety  of  experimental  conditions. 
Ferrocenylarsenlc  oxide,  formulated  as  a  dimer,  was  converted  to 
ferrocenyldichloroarslne,  and  bis(ferrocenylchloroar8enlc)  and  bls- 
(ferrocenylhydroxyarsenlc)  oxides.  These  compounds  are  the  first 
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known  arsenic -containing  ferrocene  derivatives.  The  latter  oxides  are 
the  first  compounds  of  the  type  (BAaCl)oO  and  (RA80H)20. 

Ferrocenylboronic  acid  has  been  prepared  via  the  reaction 
of  ferrocene  with  boron  trichloride  under  Friedel-Crafts  conditions. 

The  boronic  acid  was  converted  to  the  previously  unknown  ferrocenyl¬ 
boronic  anhydride  trlmer. 

l,l'-Bi8-(diphenylphosphino)ferrccene  and  ferrocenyldiphenyl- 
phosphine,  and  their  arsenic  analogs,  have  been  prepared  by  reactions 
of  diphenylphosphinouB  chloride  and  dlphenylchloroarslne,  respectively, 
with  mixtures  of  mono-  and  dilithloferrocenes .  The  blphosphlne  and 
biaurslne  are  the  first  ferrocene  derivatives  containing  two  atoms  of 
phosphorus  and  arsenic,  respectively. 

The  work  described  herein  should  lead  to  the  preparation  of 
novel  ferrocene  polymers.  Phosphorus,  arsenic,  and  boron-containing 
ferrocene  derivatives  and  polymers  are  potentially  useful  for  applica¬ 
tions  related  to  lubricants,  plasticr,  and  adhesives.  They  should  be 
useful  for  the  formation  of  novel  molecular  complexes  of  theoretical 
smd  practical  interest,  and  may  show  semi -conductive  properties  as  well 
as  propex^ies  of  blologieal  significance. 
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INTRODUCTION;  Ablative  heat  ahleldlng  is  a  very  effective 
means  of  reducing  the  heat  transfer  rate  of  high  speed  bodies.  The 
ablation  process  Is  based  on  the  principle  that  the  heat  flow  Into  the 
body  can  be  absorbed  by  the  flux  of  material  away  fron  the  body. 

Because  It  Is  Intended  to  keep  the  Interior  of  the  body  cool,  the 
heating  must  be  restricted  to  a  thin  surface  layer  and,  preferentially, 
to  the  material  which  Is  to  be  ablated.  Therefore,  the  heat  resls* 
tlvlty  and  heat  capacity  of  the  body  should  be  as  high  as  possible. 

In  liquid  ablation,  material  may  be  removed  by  two  compe* 
tltive  loss  mechanisms  flow  to  the  rear  and  evaporation.  Actually 
a  third  loss  mechanism,  spattering.  Is  possible  (1),  but  this  process 
will  be  Ignored  In  the  calculations  to  follow. 

Because  the  heat  of  evaporation  Is  much  greater  than  the 
heat  of  fusion,  and  because  the  Injected  vapor  causes  the  gas  bound¬ 
ary  layer  to  Increase  in  thickness  and  thus  reduces  heat  transfer  and 
shear,  the  amount  evaporated  should  be  as  large  as  possible.  For 
subliming  materials  this  condition  would  always  be  realised.  However, 
confining  the  selection  of  materials  for  ablation  cooling  to 
subliming  materials  would  unduly  restrict  the  number  of  possible 
candidates;  most  materials,  many  of  them  with  otherwise  meritorious 
property  spectra,  liquefy  before  they  evaporate  and  form  a  thin  film 
on  the  body  surface.  In  order  to  keep  the  fluid  flow  In  this  film 
to  a  minimum,  the  viscosity  of  the  liquid  should  be  high.  The  abla¬ 
tive  process  Is  completely  automatic:  with  Increased  heat  Input, 
more  material  will  melt  and  evaporate. 

Because  the  heat  conductivity  of  the  normal  insulating  mate¬ 
rials  Increases  with  the  temperature,  It  becomes  more  and  more  diffi¬ 
cult  to  provide  heat  ahleldlng  at  very  high  temperatures  and  where 
heavy  cross  sections  of  the  Insulating  material  have  to  be  avoided 
because  of  weight  limitations.  Fortunately  the  high  heat- shielding 
capabilities  which  ceramics,  glasses,  and  other  Insulators  have  at 
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low  tempera  Cures  may  be  regained  or  even  virtually  lag>roved  In  an 
ablative  cooling  process*  This  Is  possible  because  the  diffusion  of 
heat  to  the  Interior  of  the  body  Is  balanced  by  the  convection  of 
heat-absorbing  material  to  the  surface,  as  expressed  In  Che  followiiig 
formula: 


£ 

dy 


•  me 


dT 

ay 


where  &  ■ 
capacity. 

with  “ 
thickness 


ablative  loss  rate,  k  »  heat  conductivity,  and  c  - 

The  solution  of  this  equation  Is  T  ■  T^^  fT^  -  ^Ae  , 

wall  temperature,  and  T.  “  temperature  in  body  Interior.  A 
of  the  thermal  layer  0  may  now  be  defined  as 


(1) 


When  a  material  has  a  thermal  conductivity  at  room  tecq>erature  of  k^ 
and  at  the  temperature  T  a  thermal  conductivity  equal  to  10  k^,  the 
latter  high  conductivity  can  be  virtually  reduced  to  Its  room" temper¬ 
ature  value  by  making  the  factor  Ac  ■  10.  Since  the  value  of  c 
increases  with  temperature,  only  part  of  the  effect  must  be  contrib¬ 
uted  by  m. 


The  suitability  of  a  material  for  effective  ablation  cooling 
depends  on  a  wide  property  spectrum  In  which  heat  capacity^ 
viscosity,  heats  of  fusion  and  evaporation,  and  heat  conductivities 
in  the  solid,  liquid,  and  gaseous  states  play  Important  roles.  But 
there  is  reason  to  believe  that  the  structure  of  this  property  spec¬ 
trum  has  not  been  thoroughly  explored,  and  that  there  are  physico¬ 
chemical  effects  which  may  be  mobilized  to  further  Improve  ablation 
performance.  One  area  which  has  received  little  attention  Is  the 
complex  of  surface  and  Interface  phenomena.  Wettability  and  surface 
tension  are  responsible  for  the  stability  of  the  liquid  film  and  Its 
coagulation  into  droplets.  Since  ablation  is  to  a  large  extent  the 
transport  of  matter  through  surfaces  or  interfaces,  the  physico¬ 
chemical  constitution  of  these  will  have  a  great  Influence  on  abla¬ 
tion  characteristics.  The  constitution  of  a  surface  Is  most  deci¬ 
sively  altered  by  surface-active  Ingredients,  Ev^*^  an  ingredient 
with  a  low  concentration  In  the  bulk  of  the  liqui.  ,an  have  a  high 
concentration  in  the  surface.  Adding  small  amounts  of  a  surface- 
active  medium  to  a  liquid  ablator  will  leave  the  bulk  properties  such 
as  viscosity  and  thermal  conductivity  practically  constant,  and  will 
only  change  the  surface  properties.  Therefore  Its  effect,  being 
strictly  additive,  is  easy  to  estimate. 


METHODS  FOR  IMPROVING  ABLATION  EFFICIENCY: 
ciency  A^^^  Is  defined  by  ^ 


^  - 

m 


eff 
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where  q  is  the  rate  of  heat  transfer  to  a  nonablating  body.  Intro¬ 
ducing  fhe  definitions  of  the  constituent  terms  yields 


where  c.  and  c.  ■  thermal  capacities  of  solid  and  liquid,  respec¬ 
tive  ly;'’L  and^  "  latent  heats  of  fusion  and  evaporation;  c  ■ 
average  specif ic^heat  in  boundary  layer;  ■  mass  loss  by  evap¬ 
oration. 


The  greatest  contribution  to  A  ..  is  from  the  last  term. 

This  term  is  multiplied  by  m^/A,  to  indicate  that  ablation  effi¬ 
ciency  is  decisively  influenced  by  the  relative  rates  of  the  two 
competitive  processes,  evaporation  and  the  backward  flow  of  the 
liquid  film.  The  efficiency  is  high  when  the  ratio  of  evaporation 
to  flow  is  large.  The  evaporation  rate  or  the  vapor  pressure  of  a 
binary  system  depends  on  the  temperature  and  the  composition  of  the 
surface.  Binary  phase  systems  in  which  the  total  vapor  pressure  is 
larger  than  that  of  Ideal  solutions  (Fig.  1)  would  serve  this  purpose, 
provided  that  in  such  a  system  surface  activity  occurs.  Surface 
activity  is  created  when  the  heteronhobia  between  the  solute  and  tb<: 
solvent  IS  sufficient  to  force  part  of  the  solvent  out  or  the  solu¬ 
tion  _nto  the  surface.  The  increase  in  vapor  pressure  in  certain 
phase  systems  is  caused  by  the  same  heterophobia,  so  that  it  may  be 
assumed  that  both  phenomena  occur  in  most  cases  simultaneously.  The 
rate  of  evaporation,  and  therefore  the  ablation  efficiency,  can  of ter 
be  Improved  by  addition  of  an  appropriate  surface-active  ingredient, 
and  the  degree  of  improvement  possible  can  be  calculated;  Since  the 
surface-active  ingredient  has  a  high  concentration  in  the  surface 
and  the  surface  layers  are  ablated  at  a  faster  rate  than  the  bulk 
material,  the  surface-active  ingredient  will  disappear  at  a  faster 
rate  than  will  the  other  constituents.  Preferential  ablation  is 
therefore  caused  by  surface  activity. 

The  surface-active  constituent  can  only  be  effective  when 
its  concentration  in  the  surface  is  not  excessively  reduced  by 
ablative  loss.  The  transport  provisions  for  replenishing  the  surface 
layer  must  be  effective  enough  that  a  certain  concentration  F,  which 
is  smaller  than  the  equilibrium  value  but  larger  than  the  bulk  concen¬ 
tration,  can  be  maintained.  In  a  laminar  layer  the  ingredient  must 
reach  the  surface  by  diffusion.  This  diffusion  flow  is  influenced  by 
the  thickness  of  the  liquid  layer  and  the  evaporation  race,  which  in 
turn  are  functions  of  the  stream  conditions.  Only  with  a  sufficien¬ 
tly  high  diffusion  coefficient  can  this  type  of  transport  be  synchro¬ 
nized  to  the  rate  of  ablative  loss.  The  diffusional  transport  would 
be  an  especially  Important  factor  in  improving  liquid  film  cooling. 
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Viscous  aMstlng  materlAls  such  as  glasses  have  a  low  diffu¬ 
sion  coefficient,  so  that  preferential  ablation  and  the  corresponding 
Improvement  of  ablation  characteristics  are  difficu’ -  to  realize  by 
<^l-^fo8lon  transport  alone*  However,  when  gas  bubbles  are  generated 
during  the  ablation  process  either  by  degassing,  boiling,  or  de- 
conpositlon  of  the  substrate  (fiberglass-reinforced  ablation  mate¬ 
rials),  the  surface-active  Ingredient  can  be  transported  to  the  sur¬ 
face  by  means  of  the  gas  bubbles.  As  bubbles  rise  to  the  surface 
they  collect  the  surface-active  agent  until  their  surface  reaches 
equilibrium  concentration  and  deliver  this  amount  to  the  surface  of 
the  liquid  film*  If  the  released  gas  volume  is  large,  the  free 
surface  may  reach  the  equilibrium  concentration  P  or  the  surface  may 
even  be  somewhat  supercharged  so  that  back  diffua?on  will  occur. 

This  transport  mechanism,  under  the  condition  indicated.  Is  inde¬ 
pendent  of  film  thickness  and  evaporation  rate,  and  consequently 
much  slnpler  to  treat  mathematically  than  Is  diffusion  In  a  laminar 
lever  * 


CONCENTRATION 


Pig.  1  BINARY  SYSTEM 
WITH  INCREASED 
TOTAL  VAPOR 
FRESStKS 


?iexerentlal  ablation  caused  by  bubble  formation  was  ob¬ 
served  on  recovered  reentry  nose  cones  (2).  The  component  which 
disappeared  preferentially  from  the  silica  glass  was 
oxide  Is  a  competitive  glass  former  with  a  different  coordination 
number  and  It  may  therefore  not  easily  be  incorporated  Into  the 
SIO,  network*  It  was  not  determined  If  all  glass  formers  with 
different  coordination  numbers  exhibit  surface  activity  when  mixed 
with  each  other.  In  some  cases  the  coordination  number  of  the  solute 
depends  on  its  concentration  and  may,  in  diluted  solutions,  equal  the 
coordination  number  ot  the  solvent* 


In  order  to  calculate  the  degree  of  ablation,  a  value  for 
—  must  be  known,  as  will  be  discussed  later.  An  approximate  value 


do 
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stay  be  obtained  by  the  aesaile  drop  method.  A  amall  piece  of  alllca- 
alumlna  glass  of  known  weight  was  heated  og  a  graphite  plate  at  the 
estimated  reentry  temperature  of  1700-1800°C.  The  glass  melted  and 
formed  a  nonwetting  droplet.  By  adding  a  small  amount  of  BgOa  powder, 
the  droplet  shape  changed  abruptly,  the  height  of  the  droplet  de> 
creased  oy  a  factor  of  four,  and  the  glass  wetted  the  graphite  sur¬ 
face.  The  surface  concentration  of  BgO^  can  thus  be  calculated  from 
Gibbs'  law. 

Thermodynamic  calculation  showed  that  BgOa  was  the  only 
constituent  of  the  glass  which  would  be  chemically  reduced  to  any 
degree  by  graphite  at  the  reentry  temperature  according  to  the  re¬ 
action: 


BaOa  +  C  ^  BgOa  +  CO 

The  increase  in  wettability  is  probably  due  to  this  reaction.  A  high 
wettability  stabilizes  the  liquid  film  and  prevents  droplet  formation. 
The  above  chemical  reaction  is  endotherm  and  develops  gases  which 
initiate  injection  cooling.  Because  of  the  high  viscosity  of  the 
melt  the  reaction  rates  are  small,  and  no  substantial  contribution  to 
cooling  can  be  expected  from  the  endothermal  effect  at  the  indicated 
tenq>erature«  The  addition  of  BgOs  to  ablative  silica  glasses  there¬ 
fore  serves  a  multitude  of  practical  purposes,  but  only  its  effect 
on  surface  activity  will  be  investigated  in  further  detail  in  this 
paper . 


Generally  it  may  be  stated  that  the  best  ablation  material 
for  a  given  reentry  condition  may  still  be  improved  by  the  addition 
of  a  surface-active  agent  which  increases  the  total  vapor  pressure. 

The  degree  to  which  this  is  possible  depends  on  hew  large  a  surface 
concentration  of  the  surface  active  agent  can  be  maintained  despite 
ablation.  If  the  extent  of  preferential  ablation  is  known,  the  degree 
of  improvement  in  performance  can  be  calculated. 

PREFERENTIAL  ABLATION  OF  LAMINAR  LIQUID  LAYERS:  When  the 
equilibrium  distribution  of  surface-active  substances  is  disturbed  by 
ablation,  a  concentration  gradient'  will  develop  within  the  liquid 
layer  so  that  the  impoverished  surface  layer  is  replenished  oy  dit- 
fusion.  Figure  2  shows  the  development  of  a  concentration  gradient 
from  the  beginning  ot  ablation  until  a  nearly  linear  distribution  is 
established. 

The  relation  between  the  concentration  in  the  surface  layer 
and  the  concentration  in  the  bulk  of  the  liquid  c^  is  expressed  by 

Gibbs'  law: 


r 

o 


RT  dc 


(4) 


where  a  is  the  surface  tension,  T  the  absolute  temperature,  and  R  the 
gas  constant. 


®o  r«  r  r 


abed 
Fla.  2  CONCENTRATION 


In  a  small  cylindrical  control  volume  (Fig.  3)  around  the 
gas-liquid  surface,  the  mass  transfer  balance  through  the  various 
surfaces  may  be  expressed  by  the  following  equation,  providing  the 
height  of  the  little  cylinder  is  very  small  compared  with  its  diameter: 

*  8  u 

me  -p_D8c=  m,  r’+  1  r'p9  a 

iw  L  5—  1  (5) 

ermif  gus 

(pu.r-e  +  pr'e 

(fr/ 

w 

FiR.  3 

where  m  =  total  rate  of  evaporation  per  unit  area;  D  =  diffusion 
coefficient;  _  =  density  of  liquid;  '  =  surface  concentration  with 

ablation;  c  =  concentration  of  surface  active  substance  just  below 
the  surface;^  is  a  conversion  factor  to  transvert  molar  surface  per¬ 
cent  into  weight  percent.  Because  is  in  the  range  of  intermolecular 
distances  (lO'^cm),  the  value  of  the  last  term  on  the  right-hand  side 
of  Eq.  (5)  is  very  small  and  may  be  ignored.  The  assumption  is  now 
made  that  c  and  T'  are  related  by  Gibbs*  law. 

r  *  =  -  ^w=  9cr 
RTj  9  c 
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Thla  would  meAn  that  the  surface  "equilibrium"  concentration  is  estab¬ 
lished  independent  of  the  rate  of  ablation.  This  is  a  reasonable 
assumption  because  the  transport  path  from  the  layer  immediately 
below  the  surface  to  the  surface  layer  is  very  short  (in  the  Angstrom 
range),  and  the  replacement  by  diffusion  of  ablative  loss  is  therefore 
very  rapid.  Assuming  a  linear  concentration  gradient 


dc 

dy 


c 


w 


A 


c 

o 


where  A  is  the  thickness  of  the  liquid  layer,  Eq.  (5)  may  be  solved: 


p,  Dc 

o 


A  RT  A  \ 

*1  i^(da  tA^  ha  RTjj 


(7) 


If  m^^  approaches  zero  the  equilibrium  distribution  should  be  attain¬ 
ed  in  the  surface.  Equation  (7)  satisfies  this  condition.  It  is 
plausible  that  the  equilibrium  concentration  is  also  attained  if 

A  tends  to  zero.  With  Eq.  (4)  and  the  assumption  that  ^  m  1,  which 
is  approximated  in  most  practical  cases,  Eq.  (7)  may  be  expressed 


In  order  to  evaluate  this  equation,  m^^  and  A  must  be  known  as  a  func¬ 
tion  of  the  external  flow  conditions  near  the  stagnation  point.  These 
relationships  are  known  from  previous  investigations  (1,3).  In  Ref. 
(1)  it  is  shown  that  the  dimensionless  liquid  layer  thickness  is 
almost  independent  of  the  stagnation  temperature,  with  the  exception 
of  very  small  temperature  values  which  are  of  no  practical  interest 
if  ablation  cooling  is  applied.  A  good  approximation  for  A,  for 
atmospheric  pressure.  Is 


A 


0.465 


The  corresponding  value  for  a  pressure  of  4  atm  is  0.350. 
The  factor  K  in  the  previous  equation  is  given  by  the  outer  stream 
conditions 


K 


(9) 
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Cp 

where  R  redlus  of  curvature  of  nose  cap.,  y  ~  ,  and  M  ■  Mach 

c 

**0  '' 

number.  The  value  of  —  la  almost  a  constant  in  the  atmosphere.  In 

^o 

Ref.  (4),  m^  Is  given  as  a  function  of  the  stagnation  temperature. 

Equation  (8)  can  now  be  evaluated  if  characteristic  values  for  an 
ablation  material  are  inserted. 


Now  the  concentration  of  the  surface-active  agent  at  the 
free  surface  is  known  as  a  function  of  the  flight  conditions.  The 
corresponding  concentration  in  the  gas  boundary  layer  at  the  liquid- 
gas  Interface  can  be  calculated  by  simple  thermodynamic  relationships. 
Indicating  the  mole  fraction  x  of  the  surface-active  compound  by  the 
index  "1"  and  that  of  the  solute  by  the  index  "2",  and  referring  to 
the  gas  or  liquid  phase  by  the  subscripts  "g"  and  "L"  respectively, 
the  following  relations  exist  at  the  surface: 


-ig  -  *1 

(10a) 

*2g  - 

(10b) 

where  and  Y2  are 

Ag  are  defined  by 

the  activity  coefficients  in  the 

liquid  and  and 

,  \l  (1  1  \ 

‘  ^ 

(11a) 

\z  /I  1  \ 

(Ub) 

^  -  R  f?  ■  T  J 

The  mole  fractions  and  the  surface 
following  equations: 


concentrations  are  related  by  the 

dc 


it  follows  that 


RTj^  dc 


c 
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Since  c  is  very  small  we  may  write  I',  ■  c  T.,  The  transveruion  from 
w  1  w  2 

mole  fractions  to  surface  concentration  may  be  indicated  by  the 

factor  o' : 


X  “  orT' 

IL 

V  ■  Of  *  c 

’'2L 

The  mole  fraction  of  the  injected  gas  x  at  the  surface  is  then 

g 


X  ■  X-  +  x» 
g  Ig  2g 


We  form  the  ratio  x  /x.^ ,  where  x°  is  the  mole  fraction  of  the  injec- 

g/  g  g 


ted  vapor  when  no  surface-active  agent  is  present: 

X 


g 

g 


aT' 


«4»  V  c 
^2  V 


) 


(12) 


The  mole  fractions  x  ^nd  x°  are  related  to  m.  and  m?.  which  are  the 

g  g  i  i’ 

rate  of  evaporation  of  the  substance  with  a  surface-active  compound 
and  the  rate  of  evaporation  of  the  pure  substance,  respectively  (5): 


(13a) 


(13b) 
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wh«r«  N  la  the  Schnidt  number  at  the  well;  Nu 

3C,W  w 


Nuaielt  number 


at  the  well  for  no  injection;  ■*  Reynold!  number  at  the  wall; 

is  the  molecular  weight  of  the  injected  gaa  for  the  liquid  with 

surf ace -active  additions;  and  is  the  corresponding  value  for  the 

pure  substance.  The  terms  M  and  M  represent  the  corresponding  mean 

8  8 

molecular  weights  of  the  injected  gases  and  air.  It  is  nTW  assumed 


that  the  Schmidt  number  is  unity  and  p^u 

-  A®  ^ 

for  i 


A®  o 
PiUi- 


We  then  obtain 


(14) 


The  intention  is  to  make  as  small  as  possible  by  adding  a 

proper  detergent.  These  possibilities  shall  now  be  investigated. 
Abbreviating 


and 


we  obtain  from  Eqs.  (14)  and  (12) 

j  3A  +  m° 

^  “  «'Br'  ^1.’"  ■  **  + 


(15) 
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Since  must  be  positive,  we  have  a  criterion  for  the  condition 

under  which  preferential  ablation  is  possible. 


a'Br' 


(v.= 


(16) 


and  since  all  terms  of  the  right-hand  side  are  positive 


Y^e’^i  ■  +  c^Y2  ^ 


Fig.  4  POSSIBILITY  OF  PK£«bK£NTIAL  ABLATION 

The  inequality  expressed  by  Eq.  (16)  is  Illustrated  in  Fig.  4,  which 
also  shows  that  the  possibility  of  preferential  ablation  is  almost 

independent  of  Instead  of  calculating  the  conditions  which 

make  ^^m^  ^  minimum,  it  seems  more  appropriate  to  develop  a  formula 

by  means  of  which  the  experimenter  will  be  able  to  optimize  condi¬ 
tions  for  a  given  ablation  system.  The  surface  concentration  appears 
as  a  factor  in  the  previous  formulas,  but  this  is  difficult  to  measure 
during  an  ablation  test.  In  checking  experimentally  the  improvement 
of  various  ablation  materials  by  the  addition  of  surface-active  agents, 
it  is  important  to  have  a  simple  method  for  measuring  F' .  The  most 
convenient  method  is  to  measure  the  degree  of  preferential  ablation. 
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If  an  ablation  tatt  in  a  plaaoia  Jet  la  auddenly  interrupted,  for 
inatance,  the  liquid  layer  will  solidify  and  may  be  chemically  ana* 
lysed  after  the  teat.  Such  a  chemical  analysia  can  also  be  made  of 
recovered  reentry  nose  cones.  The  degree  of  preferential  ablation 
TT  may  be  defined  as 


TT 


1  gl 


"l-gl  *  “2*82 


(17) 


This  is  the  ratio  of  the  ablated  aui face-active  agent  to  the  total 
material  loss.  Loss  by  flow  to  the  back  is  hereby  neglected.  Com¬ 
bining  Eqa.  (10),  (11),  (13)  and  (17)  we  obtain: 


a'M^rwJ 


m. 


(l/Tl- 


(18) 


ft  N 


0.6 


ra. 


sc 


n  is  determined  by  chemical  analysis;  T^  is  measured  in  the  experiment, 
and  m^  ea  a  function  of  T^  may  be  taken  from  Ref.  (2);  K  is  given  by 
ER*  (9);  and  M^ft  must  be  known;  the  Schmidt  number  may  be  assumed 
to  be  unity.  The  term  ^Nu axisynmetric  flow,  is  expressed 


by  the  following  approximate  equation  (Ref.  3) 

fw  Of 


/Nu  \  /P  I*  \ 

I  - r-  I  M  0.7d3  I - 1 

\R  •  /  V  0. u  / 

\  w  /  o  X^i’^i/ 


(19) 


The  index  "e"  refers  to  values  at  the  outside  of  the  boundary  layer. 
Using  Eq.  (19),  the  expression  for  rr  becomes 


Tt 


M 


or'r'Y, 


(  0.765  K  ^  (l/T  -  l/ti^)L^j/R 

3  ’ 


(20) 


may  be  calculated  from  Sutherland's  formula  for  the  stagnation 
temperature,  is  given  by 


P 


e 


1 


1 
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Fig.  S  DEGREE  OF  PREFERENTIAL  ABLATK^  FOR  A  SURFACE  ACTIVE 
SUBSTANCE  WITH  A  HEAT  OF  EVAPORATION  OF  1000  KCAL  FOR 
VARIOUS  BOILING  POINTS  AT  ATMOSPHERIC  PRESSURE 
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Fig.  6  DEGREE  OF  PREFERENTIAL  ABLATION  FOR  A  SURFACE  ACTIVE 
SUBSTANCE  WITH  A  HEAT  OF  EVAPORATKW  OF  3000  KCAL  FOR 
VARIOUS  BOILING  POINTS  AT  ATMOSPHERIC  PRESSURE 
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c 

where  Y  ■  and  M  •  Mach  number.  From  Eq.  (20)  the  product  F'yi 

may  now  be  calculated  and  the  value  inserted  Into  Eq.  (15).  The 
ablation  system  may  be  optimized  for  a  given  heat  transfer  condition 

by  determining  the  maximum  value  of  under  this  condition.  In 

order  to  facilitate  this  procedure  Eq.  (20)  Is  evaluated  numerically. 
Figures  5,  6,  and  7  show  preferential  ablation  curves  for  surface- 
active  media  of  varying  boiling  points  and  heats  of  evaporation. 

The  curves  have  a  distinct  minimum  around  2000 ^F. 

The  results  for  transport  by  rising  gas  bubbles  will  be 
published  In  the  April  Issue  of  AIAA  Journal  and  will  therefore  not 
be  discussed  here  (6). 


Fig.  7  DEGREE  OF  PREFERENTIAL  ABLATION  FOR  A  SURFACE  ACTIVE 
SUBSTANCE  WITH  A  HEAT  OF  EVAPORATION  OF  3000  KCAL  FOR 
VARIOUS  BOILING  POINTS  AT  ATMOSPHERIC  PRESSURE 
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COWCLUSIONS ;  Tranaplratlon  and  ablation  cooling  with  aurfaco* 
active  agents  may  decrease  the  rate  of  heat  transfer  substantially. 

Preferential  ablation  may  be  caused  by  two  very  different 
mechanisms:  The  8urface>actlve  agent  may  be  transported  to  the 
surface  by  diffusion,  In  which  case  preferential  material  loss  la 
only  possible  If  the  coefficient  of  diffusion  is  reasonably  large;  or 
the  surface-active  agent  may  be  transported  by  gas  bubbles,  which 
transport  mechanism  la  Independent  of  viscosity  and  film  thickness. 

Measuring  the  preferential  ablation  rate  is  useful  in  deter¬ 
mining  experimentally  whether  optimal  ablation  conditions  have  been 
reached . 


Because  the  addition  of  a  small  amount  of  a  surface-active 
compound  will  not  change  the  bulk  properties  of  the  liquid  to  any 
extent,  the  Improvement  realized  by  use  of  a  detergent  is  strictly 
additive.  This  simplifies  considerably  the  problems  Involved  In 
selection  of  materials  for  ablation  purposes. 
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GROWTH  OF  SELECTED 
ARBOVIRUSES 

IN  SERUM-FREE  SUSPENSION 
CELL  CULTURES 


H.R.  TRIBBLE,  JR.,  H.J.  HEARN,  JR,,  S.C.  NAGLE,  JR.,  and  W.T.  SOPER 
U.  S.  ARMY  BIOLOGICAL  LABORATORIES,  FORT  DETRICK, 
FREDERICK,  MARYLAND 


The  maintenance  of  continuously  cultured  animal  cells  in 
suspension  cultures  that  could  be  used  for  growing  virus  ordinarily 
requires  the  ueriodic  addition  of  serum.  Three  major  disadvantages 
of  employing  serum  for  this  purpose,  however,  are  that  it  offers  the 
possibility  of  introducing  (1)  contaminating  viruses  or  other  micro¬ 
organisms  such  as  pleuropneumonia-like  organisms,  (2)  antigenically 
active  foreign  proteins,  and  (3)  protein  or  metabolic  substances  in 
undefined  quantities.  Information  on  the  feasibility  of  serum-free 
suspension  cultures  for  the  production  of  virus  is  scant,  i.e.,  the 
nutritional  requirements  for  viral  growth  and  the  characteristics  of 
viral  populations  grown  in  such  systems  have  not  been  defined.  It  is 
the  purpose  of  these  studies  to  provide  data  in  these  areas.  Vene¬ 
zuelan  equine  encephalomyelitis  virus  was  selected  to  study  viral 
growth  in  serum-free  suspension  cultures  because  it  has  been  shown 
to  be  capable  of  replication  in  a  wide  variety  of  cell  lines  grown 
in  serum-containing  media  and  the  viral  growth  could  be  assayed  by 
several  methods.  Results  of  growth  studies  on  a  highly  fastidious 
agent,  yellow  fever  virus,  will  also  be  presented.  In  addition  this 
report  will  include  evidence  that  serum-free  suspension  systems  are 
selective  for  viral  populations  possessing  widely  divergent  genetic 
characteristics . 


Two  serum-free  growth  media  were  used  in  these  experiments. 
The  first,  presented  in  Table  1,  consisted  of  lactalbumin  hydrolyzate 
and  glutamine  as  nitrogen  sources,  vitamins,  carbon  sources,  salts, 
antibiotics,  and  the  additives  methocel,  insulin,  and  phenol  red. 

This  will  be  referred  to  as  the  LAH  medium.  The  second  consists  of 
amino  acids  (some  essential  and  some  nonessential  for  the  growth  of 
these  cell  lines),  salts,  carbon  sources,  vitamins,  antibiotics, 
and  the  same  additives  as  in  the  first  medium.  This  will  be  referred 
to  as  the  NEAA  medium  and  is  shown  in  Table  2. 


The  experiments  were  conducted  in  30-ml  amounts  in  100-ml 
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•erum  bottles  in  a  New  Brunswick  Gyrotory  shaker  at  35  G.  HeLa,  cat 
kidney,  chick  embryo,  and  L  cells  were  obtained  from  stock  cultures 
and  grown  in  suspension  using  the  LAN  or  the  NEAA  medium. 

Q 

The  cultures  were  inoculated  with  virus  by  adding  10 
mouse  intracerebral  LD5Q  of  an  egg  seed  preparation  of  a  virulent 
strain  of  Venesuelan  equine  encephalon^elitis  (VEE)  virus.  A  sample 
was  obtained  immediately  after  inoculation  to  determine  the  initial 
virus* inoculum  concentration  prior  to  the  addition  of  the  cells. 

The  cells  were  then  added  to  final  concentrations  of  from  5  x  10^  to 
1.5  X  10^  per  ml  and  the  virus  cell  mixture  was  incubated  for  45 
minutes  on  the  shaker.  The  culture  was  then  centrifuged,  washed 
once,  and  resuspended  in  fresh  medium.  At  this  time  a  0-hour  sample 
for  virus  titration  and  a  cell  count  was  obtained.  The  cell  con¬ 
centrations  Mere  determined  by  counting  cells  unstained  after  treat¬ 
ment  with  0.5%  trypan  blue.  The  counting  was  performed  at  varying 
intervals,  usually  24  hours  apart. 

Virus  titers,  determined  by  the  Reed  Muench  method,  are 
expressed  as  a  mouse  intracerebral  or  MICLD^q  obtained  after  the 
injection  of  12-  to  14-g  mice  with  10-fold  diluted  samples. 

Figure  1  describes  the  replication  of  VEE  virus  in  HeLa 
cultures  grown  in  LAH,  the  growth  of  virus  in  the  presence  of  107. 
calf  serum,  and  the  rate  of  virus  inactivation  in  the  presence  of 
serum-free  and  serum-containing  media. 

The  initial  virus  inoculum  in  the  media  was  10^  MICLD^q 
per  ml.  After  an  incubation  of  45  minutes  and  one  wash,  virus  con¬ 
centration  in  the  LAH,  shown  as  the  open  circles  and  solid  line, 
beelnning  at  0  hour,  was  10^*®  MICLD^q  per  ml.  A  maximum  titer  of 
10’  MICLD50  occurred  in  about  24  hours.  By  the  96th  hour,  the  titer 
had  decreased  about  I  log. 

The  closed  circles  and  solid  line  represent  virus  titers 
in  the  supernatant  of  the  serum-containing  medium.  Starting  from 
10^  MIGLD5Q  per  ml  at  0  hour,  it  did  not  reach  the  maximum  titer  of 
10^*^  MIGLD50  per  ml  until  72  hours  postinoculation.  The  virus 
remained  at  approximately  the  same  level  through  120  hours. 

The  broken  lines  represent  the  virus  inactivation  in  cell- 
free  media.  The  upper  line  represents  the  serum-containing  medium, 
in  which  the  virus  titer  did  not  disappear  until  the  end  of  96  hours. 
The  lower  broken  line  shows  results  in  the  serum-free  lactalbumin 
medium,  in  which  the  virus  titer  completely  disappeared  by  72  hours. 

In  the  first  48  hours  the  cells  and  supernatant  fluids 
were  titrated  separately.  After  this  time  the  cells  and  fluids  were 
combined. 
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During  the  periods  of  observation,  the  cell>assoclated 
virus  was  found  to  be  about  1/2  to  I  log  lower  than  that  in  the 
supernatant  fluid.  At  no  time  was  it  observed  to  be  higher  in  the 
cells  than  in  the  fluid. 

Both  cultures  initially  contained  a  million  cells  per  ml. 
Lysis  of  all  but  a  small  portion  of  the  cell  population  occurred  in 
the  LAH  by  72  hours.  In  contrast,  the  cell  count  in  the  serum> 
containing  medium  remained  near  pre-inoculation  levels  until  96  hours 
at  which  time  approximately  607.  of  the  cells  were  found  to  have  been 
destroyed.  The  delay  in  cell  lysis,  therefore,  coincided  with  the 
delay  in  the  production  of  maximal  titers  of  virus  in  cultures  to 
which  serum  was  added.  It  might  be  added  that  this  was  a  consistent 
finding  among  all  cultures  to  which  serum  was  introduced.  All 
uninfected  cultures  continued  to  show  cell  multiplication  during  the 
duration  of  the  experiment. 

The  growth  of  VEE  virus  in  the  cat  kidney  cell  line  is 
shown  in  Figure  2.  This  is  a  fibroblast-like  cell,  originally 
isolated  in  our  laboratory.  The  initial  viral  inoculation  was  10^ 
MICLD50  per  ml,  and  after  the  45-mlnute  incubation  period  and  wash, 
the  0-hour  titer  was  10^  to  lo‘  MICLD50  per  ml.  The  virus  inactiva¬ 
tion  curve  presented  here  shows  that  the  viral  stability  in  lactal- 
bumin  and  defined  medium  are  essentially  the  same,  with  the  virus 
becoming  undetectable  in  72  hours. 

Virus  growth  in  NEAA,  represented  by  open  circles  and  a 
solid  line,  and  the  virus  growth  In  LAH  represented  by  closed 
circles  and  a  solid  line,  resulted  in  maximal  virus  titers  in  24 
hours.  Titers  in  the  LAH  medium  were  10^  MICLD50  per  ml;  those  in 
the  NEAA  medium  were  10^  MICLD50  per  ml. 

The  serum-containing  medium  did  not  show  a  maximum  titer 
until  48  hours  post inoculation,  at  which  time  it  contained  10^ 

MICLD50  per  ml.  This  culture  continued  to  be  infected  for  an  ex¬ 
tended  period  of  time.  Observations  indicated  that  after  the  33rd 
day  the  virus  lost  its  ability  to  infect  mice  by  the  intraperl toneal 
route  and,  in  fact,  iaminized  the  mice  against  challenge  with  fully 
virulent  virus.  This  phenomenon  will  be  described  in  more  detail 
later  in  this  paper. 

The  cell  population  responded  to  the  virus  in  the  expected 
manner,  with  conplete  lysis  in  4  to  S  days  except  in  the  serum-con¬ 
taining  medium.  In  which  cell  multiplication  continued  without 
abatement . 


Figure  3  shows  VEE  virus  growth  in  L  cells  in  NEAA,  LAH, 
and  serum-containing  media.  The  usual  patterns  of  growth  were 
obtained  with  the  serum-free  medium.  The  maximal  levels  of  virus 
was  10^  MICLD3Q  per  ml  with  LAH  (closed  circles)  and  10^  MICLD5Q  per 
ml  with  the  NEAA  medium  (triangles)  in  24  hours.  Virus  growth  in 
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sarum-contalnlng  medium  wee  eoneiderably  delayed  In  .nls  cell  line 
and  did  not  reach  its  maxltoum  tltar  of  10°  MICLD5Q  per  ml  until  4 
days  postinoculation. 

The  previous  studies  suggested  thet  virus  would  be  produced 
for  intervals  consldarably  bayond  the  early  postinoculation  intervals. 
For  this  reason,  these  culturee  were  observed  daily  for  16  days,  re¬ 
sulting  in  the  disclosure  of  secondary  peaks  of  viral  growth  at  11  to 
12  days.  Shortly  after  this  time,  the  cultures  in  the  LAH  and  the 
serum-containing  media  underwent  complete  cell  lysis  and  were  termi¬ 
nated.  The  culture  in  the  MEAA  medium,  however,  continued  to  demon¬ 
strate  a  high  level  of  cell  proliferation  and  a  persistent  production 
of  vlrue  for  a  total  of  115  days.  The  virus  that  was  obtained  at  the 
late  intarvala  was  found  to  vary  considerably  from  that  produced  in 
the  eame  culture  at  the  early  postinoculation  intervals.  For  ex¬ 
ample,  virus  produced  at  the  lata  interval  was  no  longer  lethal  for 
mice  by  the  Intraperitoneal  route,  but  it  was  highly  immunogenic. 

Additional  experiments  designed  to  elucidate  factors 
associated  with  the  chronic  infection  of  these  cultures  were  carried 
out.  Time  does  not  permit  a  detailed  description  of  the  results  but 
they  may  be  summarised  as  follows:  (1)  The  interval  of  viral  growth 
in  the  infected  cultures  was  clearly  divisible  into  2  phases,  an 
acute  and  a  chronic,  separated  by  a  transitional  phase.  During  the 
acute  phase,  which  lasted  from  1  to  approximately  96  hours,  large 
amounts  of  virulent  virus  were  produced,  generally  in  association 
with  the  destruction  of  the  majority  of  the  cells.  This  may  then  be 
succeeded  by  a  relatively  variable  Interval  of  transition  that  lasts 
from  the  5th  to  the  10th  day.  The  interval  is  characterised  by  a 
repopulation  of  the  culture  by  the  surviving  cells,  a  decline  in 
virus  production,  and  a  complete  resistance  of  the  cells  to  super- 
infection  with  virulent  virus.  The  final  or  chronic  phase  of  the 
Infection  usually  begins  after  the  8th  or  9th  day  and  can  persist 
for  indefinite  lengths  of  time  unless  the  culture  is  terminated 
deliberately  or  becomes  contaminated.  It  is  characterised  by  the 
proliferation  of  cells  that  continue  to  be  resistant  to  superinfec¬ 
tion,  the  production  of  virus  at  levels  between  10^  and  10^  MICLD50, 
and  a  slow  but  observable  selection  of  avirulent  virus  particles.  As 
examples  of  this,  at  approximately  8  days  the  virus  became  nonlethal 
for  rabbits,  nonlethal  for  mice  between  2  to  3  weeks,  nonlethal  for 
guinea  pigs  at  72  days,  and  nonlethal  for  hamsters  at  112  days  post- 
inoculation  when  tested  by  the  intraperitoneal  route.  The  newly 
selected  avirulent  population  was  genetically  stable  and  highly 
immunogenic . 


The  results  of  studies  on  the  production  of  yellow  fever 
virus  in  serum-free  cultures  will  be  demonstrated  in  the  final  two 
figures.  Figure  4  shows  that  the  growth  of  the  virus  in  the  chick 
embryo  cell  line  propagated  in  the  LAH  and  LAH  -  lOX  calf  serum  cells 
resulted  in  maximal  titers  of  10^  and  10°*^  MICLD3Q  respectively. 


6  to  8  days  post inoculation.  Some  evidence  of  submaximal  yields  of 
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vlruf  appaarad  at  cha  2nd  day  In  both  madia.  This  was  mora  raadily 
apparent,  howavar.  In  tha  culture  containing  LAH  and  calf  aarum.  It 
Is  nota%»orthy  that  the  maximal  yellow  fever  virus  yield  was  not 
delayed  in  medium  with  serum  aa  It  %»as  in  tha  case  mentioned  earlier 
during  testa  with  VBB  virus.  Whether  the  serum  was  responaible  for 
the  temporary  decline  In  virus  production  that  was  found  3  to  5  days 
post inoculation  of  the  culture,  ho%faver,  is  presently  undetermined. 

Figure  5  shows  tha  results  of  propagating  yellow  fever 
virus  in  HsLa  cultures  grown  in  LAH  and  NBAA.  The  virus  was  produced 
to  approximately  the  same  maximal  yields  at  3  and  4  days  of  10'*^  to 
10^ MICLDso  par  ml.  In  contrast  to  the  results  of  VBE  virus  pro> 
duction,  cells  that  supported  tha  gro%rth  of  yellow  fever  virus  failed 
to  lyse  or  demonstrate  any  obvious  signs  of  pathology. 

An  additional  phenomenon  of  considerable  interest  was  dis¬ 
closed  when  the  virulence  of  virus  grown  in  chick  embryo  was  compared 
with  that  of  virus  grown  in  HeLa  calls.  The  fact  that  each  product 
assayed  to  approximately  the  same  titer  In  mice  has  alraady  bean 
shown.  Tests  with  these  products  In  monKeys,  however,  revealed  a 
wide  divergence  of  virulence.  The  chick  embryo  cell  product  after 
only  one  passage  was  nonlsthal  for  monkeys  when  given  in  doses  of 
1000  LDso  by  the  respiratory  route.  It  was  Itmninogsnlc,  however «  at 
doses  of  10  MICLDso  and  above.  In  contrast,  between  5  and  10  MICLO50 
of  the  HeLa  cell  product  were  sufficient  to  produce  lethality  be  the 
respiratory  route.  Infection  with  this  preparation  was  almost 
always  associated  with  lethality. 

In  summary,  the  ability  of  animal  cell  suspension  cultures 
grown  in  three  types  of  serum-free  media  to  support  the  replication 
of  Venezuelan  equine  encephelomyelitis  (VBB)  virus  has  been  demon¬ 
strated.  The  interval  of  viral  growth  in  the  Infected  cultures  was 
clearly  divisible  Into  2  phases,  acute  and  chronic,  separated  by  a 
transitional  phase.  During  the  acute  phase,  large  asmunts  of  viru¬ 
lent  virus  were  produced,  generally  In  association  with  the  destruc¬ 
tion  of  the  large  majority  of  the  cells.  Titers  of  10°  and  10’ 
NICLD50  per  ml  within  24  hours  post Inoculation  were  obtained  in 
HeLa,  cat  kidney,  and  L  cells  grown  in  either  lactalbumln  hydrolysate 
medium  or  a  defined  medium  containing  essential  and/or  nonessential 
amino  acids.  Only  slight  individual  differences  in  virus  growth 
were  observed  among  the  different  cell  lines  grown  without  serum. 

The  addition  of  lOX  calf  serum,  however,  altered  the  replication 
pattern  of  the  virus.  This  was  made  manifest  as  a  delay  In  the 
attainment  of  the  maximum  titer  and  in  the  appearance  of  cell  lysis 
resulting  from  virus  growth.  The  observed  occurrences  of  a  chronic 
state  of  infection  in  the  cultures  and  the  step  wise  decline  in 
virulence  of  the  chronically  produced  virus  for  various  laboratory 
hosts  was  described.  Yellow  fever  virus  replicated  In  HeLa  and 
chick  embryo  cell  lines.  Titers  of  approximately  10^  MICLD50  per  ml 
were  obtained  in  3  to  4  days  in  both  cultures.  A  widely  differing 
qualitative  response  was  detected,  however,  because  of  the  rapid 
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selection  of  an  limunoganic  population  in  the  chick  embryo  cella 
that  was  nonlnthal  for  monkeys.  In  contrast,  HeLa  cultures  produced 
a  highly  virulent  population  that  rarely  failed  to  infect  without 
causing  Lethality  in  monkeys. 

There  data  indicate  that  serum-free  suspension  systems  may 
provide  a  highly  valuable  tool  for  the  growth  of  viruses  by  re- 
Bee'*chera  engaged  in  a  wide  variety  of  disciplines.  The  production 
of  vaccines  free  of  foreign  antigenic  protein,  qualitative  biochemi¬ 
cal  determinations  of  nutritional  requirements  and  inexpensive 
methods  for  producing  viruses  that  are  incapable  of  growth  in  con¬ 
ventional  host  systems  are  but  a  few  of  the  areas  in  which  serum- 
free  suspension  systems  can  play  a  highly  important  role. 
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TABLE  1 

LACTALBUMIN  HYDROLYZATC  MEDIUM  FOR  SUSPENDED  CELL  GROWTH 


COMPONENT 

CONC. 

COMPONENT 

CONC. 

mg/L 

mg/L 

Nitrogen  Source a: 

Salts: 

Lactalbumln  hydrolysate 

2500 

NaCl 

7400 

L-Glutamine 

300 

KCl 

400 

NaH2P04‘H20 

100 

Vltamlna: 

NaIlC03 

300 

CaCl2*2H20 

265 

D*blotln 

1.0 

MgCl2*6H20 

275 

Choline  *C1 

1.0 

Folic  Acid 

1.0 

Antibiotics,  etc.: 

Niacinamide 

1.0 

Ca  pantothenate 

2.0 

Methocel  15  cps 

1000 

Pyridoxal'HCl 

1.0 

N.P.H.  Insulin 

200  units/L 

Thiamine *HC1 

1.0 

Streptomycin 

100  mg/L 

i-inoeitol 

1.0 

Penicillin 

100,000  units/L 

Riboflavin 

0.1 

Kanamycin 

100  mg/L 

®12 

0.002 

Phenol  red 

10  mg/L 

Carbon  Sources: 

Glucose 

1000 

Sodium  pyruvate 

110 
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TABLE  2 

CHEMICALLY  DEFINED  MEDIUM  FOR  SUSPENDED  CELL  GROWTH 


COMPONENT 

CONC. 

COMPONENT 

CONC. 

mg/L 

mg/L 

Amino  Acids  (asaential): 

Salts: 

L-Ar g Inina 'HCl 

100 

NaCl 

7400 

L-Cyaceine-HCl 

75 

KCI 

400 

L-Hiatidinc>HCl 

60 

NaHoPO^-H^O 

100 

L-Isoleucine 

150 

NaHC03 

500 

L-Laucina 

300 

CaCl2‘2H20 

265 

L-Lyaina 

300 

MgCl2’6H20 

275 

L-MaChionina 

60 

L-Phanylalanlna 

120 

Carbon  Sources: 

L-Thraonina 

135 

L-Xryptophan 

60 

Glucose 

1000 

L-Tyroslna 

120 

Sodium  pyruvate 

110 

L-Valina 

150 

L-Glucamine 

A50 

Vitamins: 

Amino  Acids  (nonessential): 

D>biotin 

1.0 

Choline  *C1 

l.O 

Glycine 

60 

Folic  Acid 

l.O 

L-Alanina 

120 

Niacinamide 

1.0 

L-Serine 

150 

Ca  pantothenate 

2.0 

L-Cystlne-HCl 

75 

Pyridoxai'HCl 

1.0 

L-Aspartlc  Acid 

270 

Thiamine 'HC I 

1.0 

L-Glutamic  Acid 

315 

1-inositol 

1.0 

L-Prolina 

115 

Riboflavin 

0.1 

®12 

0.002 

Antibiotics,  etc.: 

Methocel  15  cps 

1000 

N.P.H.  insulin 

200  units/L 

Streptomycin 

100  mg/L 

Penicillin 

100,000  unlts/L 

Phenol  red 

10  mg/L 
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THE  EFFECT  OF  MIGRATING  NEMATODE  LARVAE 
AS  A  PROVOKING  FACTOR 
IN  VIRAL  ENCEPHALITIS  IN  MICE 


BRYCE  C.  WALTON,  Major,  MSC 
U.S.  Army  Medical  Research  Unit/Panama 
Balboa  Heights,  Canal  Zone 


It  is  veil  kiiown  that  invariably  fatal  infections  can  resialt 
from  minute  quantities  of  certain  viral  agents  inoculated  into  the 
central  nervous  system  of  experimental  animals,  while  logarithmically 
increasing  doses  of  the  same  agent  administered  by  any  other  route 
will  produce  no  serious  ill  effects.  Likewise,  it  is  also  well  known 
that  a  pronounced  propensity  for  invasion  of  the  central  nervous  sys¬ 
tem  is  exhibited  by  the  larvae  of  several  species  of  nematode  para¬ 
sites  in  the  somatic  migration  in  the  vertebrate  host  during  the  early 
stages  of  their  life  cycle.  As  a  consequence,  it  would  appear  that 
there  might  be  considerable  justification  for  the  suspicion  that  an 
ordinarily  benign  infection  with  such  a  viral  agent  might  result  in  a 
fatal  outcome  if  it  should  happen  to  coincide  with  the  presence  of  a 
wandering  nematode  which  would  permit  its  entrance  into  tne  central 
nervous  system.  The  physical  breaching  of  the  blood -brain  barrier  by 
the  larvae  during  a  period  of  viremia  could  serve  to  inoculate  the  vi¬ 
rus  directly  into  nervous  tissue  as  effectively  as  a  hypodermic  nee¬ 
dle. 


Innes  and  Shoho''^^  speculated  on  this  possibility  in  their 
review  of  the  problem  of  cerebrospinal  nematodiasis  in  horses,  sheep, 
and  goats  caused  by  the  filariid  Setaria  digitata.  Circumstantial 
evidence  of  such  occurrences  is  afforded  by  the  report  of  Beautyman 
and  Woolf concerning  the  finding  of  an  asc.arid  larva  in  the  basal 
ganglia  in  a  case  of  fatal  poliomyelitis.  However,  evidence  connec¬ 
ting  such  widely  separated  disease  entities  are  rare,  and  it  would  be 
extremely  difficult  to  demonstrate  interaction  between  them  in  natxire. 
Laboratory  models  of  dual  infections  with  migrating  nematode  larvae 
and  nexiropathogenic  viruses  will  no  doubt  provide  the  best  meauis  of 


*  The  principles  of  laboratory  animal  care  as  promulgated  by  the 
National  Society  for  Medical  Research  were  observed  during  the  course 
of  the  experimentation  reixDrted  in  this  study. 
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elucidating  the  basic  relationships  of  the  Interaction  Involved  in 
such  infections.  The  only  experimental  evidence  presently  available 
concerning  such  a  provoking  effect  on  a  neurotropic  virus  is  that  of 
Mochizuki  et  ^.(3)  \jho  presented  data  on  a  small  number  of  mice 
which  shewed  a  clear  Increase  in  mortality  among  mice  inoculated  sub¬ 
cutaneously  with  Japanese  B  encephalitis  virus  after  a  prior  infec¬ 
tion  with  Toxacara  caniSi  when  compared  with  mice  receiving  the  virus 
only.  Kilham  and  Olivier  have  likewise  shown  that  concurrent  trichi¬ 
nosis  enhances  the  pathogenic  effect  of  encephalomyocarditis  virus 
in  rats.v^) 

The  present  report  is  concerned  with  the  effect  of  intraperito- 
need  inoculation  of  m:i  ce  wltn  sublethal  dosages  of  each  of  three  neu¬ 
rotropic  arboviruses.  Eastern  equine  encephalitis  (EEE),  Ilheus  (llh), 
and  Japanese  B  encephalitis  (JBE),  to  coincide  with  the  migration  of 
Trichinella  spiralis  larvae. 

MATERlAIg  AND  METHODS 


Althoxigh  minor  variations  were  used  in  individual  experiments, 
they  were  all  designed  to  compare  results  among  three  groups of  young 
adult  male  CIW  mice;  the  Dual  Infection  Group  which  received  both 
Trichinella  and  virus,  the  Trichinella  Control  Group  and  the  Virus 
Control  Group. 

Trichinella  spiralis 

Infective  larvae  were  obtained  from  laboratory  infected  mice 
derived  from  a  strain  maintained  in  rats  at  the  USPHS  Communicable 
Disease  Center.  The  skinned  and  eviscerated  carcasses  of  the  infec¬ 
ted  mice  were  minced  for  one  minute  in  a  homogenlzer  and  digested 
in  pepsin-HCl  artificial  gastric  juice  (5)  for  two  hours  at  37*“'C  with 
constant  agitation  by  a  magnetic  stirrer.  The  residue  was  strained 
through -two  layers  of  gauze  and  the  larvae  allowed  to  settle  out  in 
conical  sedimentation  glasses.  They  were  collected  with  a  Pasteur 
pipette,  washed  with  saline  solution,  and  then  counted  in  the 

trough  of  a  hookworm  '  rvae  counting  slide*  with  a  stereoscopic  micro¬ 
scope  to  obtain  the  aesired  nxmiber  for  each  mouse.  When  the  correct 
number  was  determined,  the  worms  were  transferred  with  0.2-0. 3  ml. 
of  saline  solution  to  individual  wells  of  a  plastic  tray  of  the  type 
used  for  hemagglutination  tests.  These  Inocula  were  administered  to 
mice  with  a  one  cc.  tuberculin  syringe  fitted  with  a  l/k  inch  stub  of 
a  shortened  19  ga.  needle,  over  which  was  slipped  a  l-l/4  inch  length 
of  flexible  polyvinyl  plastic  tubing  (premature  infant  feeding  tube, 
size  5  French).**  The  syringe  was  filled  separately  for  each  inocule^- 
tion,  and  the  larvae  administered  to  the  lightly  anesthetized  mice  by 
gastric  intubation. 


*  Available  from  A.  H.  Thomas  Co.,  Phlla.,  Pa.,  Cat.  ’^099-A 

**  Available  from  Pharmaseal  Laboratories,  Glendale,  Cal. 
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Eastern  Equine  Erxcephalltls  Virus 

All  experiments  were  performed  with  aliquots  of  a  single  pool 
of  20^  suckling  mouse  train  (SMB)  suspension  of  the  sixth  mouse  pas¬ 
sage  of  a  strain  designated  3789“R6j  received  from  the  Veterinary 
Diagnostic  Laboratory,  Ministry  of  Agriculture,  Republic  of  Panama, 
and  isolated  from  a  fatal  equine  case  in  Chame,  R.  P.  This  pool  had 
an  LD^o  lO'^  in  an  Intracerebral  titration  in  weanling  mice. 

Ilheus  Virus 

All  experiments  were  with  a  single  20^  SMB  pool  of  Ctorgas  Memo¬ 
rial  Laboratory  strain  BTS  3^73/  Isolated  from  a  bird  in  Bocas  del 
Toro,  Panama.  This  eighth  mouse  passage  pool  had  a  LD^q  of  10“^*^ 
on  Intracerebral  titration  in  weanling  mice. 

Japanese  B  Encephalitis  Virus 

This  virus  was  strain  from  the  Virology  Department  of  Val¬ 
ter  Reed  Army  Institute  of  Research,  and  the  pool  used  had  a  ID50  of 
10-0.5  when  titrated  intracerebrally  in  weanling  mice. 

On  the  sixth  day  following  infection  with  Trichlnella  larvae, 
the  mice  were  separated  into  two  groups.  One  half  received  no  further 
inoculations  and  were  designated  Group  A,  or  Trichlnella  Control 
Group.  One  l\edf  received  intraperitoneal  injections  of  0.3  ml.  of  the 
appropriate  virus  suspension  and  were  designated  Group  B  or  Dual  In¬ 
fection  Group.  An  eqpal  number  of  nonlnfected  mice  also  were  similar¬ 
ly  Inoculated  with  the  same  virus  suspension  to  serve  as  the  Virus 
Control  Group,  and  were  designated  Group  C. 

The  three  groups  were  observed  for  a  period  of  twenty  days  after 
inoculation  of  virus,  euid  whenever  x>os8ible,  brains  were  secured  imme¬ 
diately  after  death  eund  frozen  for  subsequent  intracerebral  inocula¬ 
tion  into  other  mice  to  verify  presence  of  virus.  In  a  few  instances 
paralyzed,  obviously  moribund,  mice  were  sacrificed. 

In  experiment  #10  mechanical  punctvire  of  the  brain  was  substitu¬ 
ted  for  Trichlnella  infection  to  verify  the  effect  of  a  rupture  of  the 
blood-brain  barrier  in  the  presence  of  circulating  virus.  An  inocviluim 
of  0.3  ml.  of  a  10-5  dilution  of  was  adm  nlstered  intraperitoneal - 
ly  to  20  mice  as  in  the  preceding  experiments.  On  the  following  day 
these  were  separated  into  two  groups,  10  received  no  further  manipula¬ 
tions,  while  10  were  suiesthetized  with  ether  and  a  sterile  steel  pin 
was  inserted  thro\;igh  the  lateral  aspect  of  the  skull  between  the  ear 
and  eye  to  penetrate  the  brain  to  a  depth  of  about  l/k  inch.  Ten  nor¬ 
mal  mice  were  subjected  to  the  same  procedure  to  serve  as  non-inf ec ted 
controls . 

For  attempts  to  demonstrate  the  presence  of  Ilheus  virus  in  Tri- 
cu-inella  larvae  recovered  from  mice  from  the  Dual  Infection  Group  in 
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ExperlsMnt  tvo  mice  dead  on  day  8  were  taken  ionadtately  after 
death  and  the  larvae  recovered  by  digestion  of  skeletal  muscle  as 
previously  described*  The  larvae  were  washed  three  times  In  sterile 
saline  and  then  triturated  in  cold  0.8^  saline  solution  containing 
10^  normal  horse  serum  using  a  Ten  Broeck  tissue  grinder*  This  homo¬ 
genate  was  then  Inoculated  Intracerebrally  In  0*03  ml*  volumes  into 
each  of  7  hairless  suckling  mice*  The  same  procedure  was  employed 
with  two  mice  which  survived  dual  Infections  In  experiment  #4  using 
BEE  virus ^  which  were  sacrificed  28  days  following  virus  Inoculation* 

RESOUS 


Only  four  deaths  occurred  among  the  11^  mice  receiving  Trlchl- 
nella*  However,  It  should  be  pointed  out  that  the  two  deaths  record¬ 
ed  In  Group  A  of  experiment  #6  appeared  to  be  due  to  an  Intestinal 
Infection  unrelated  to  trichinosis* 

The  synergistic  effect  of  dual  nematode -virus  Infections  was 
apparent  In  every  experiment,  as  Illustrated  by  Table  1*  However, 
distinct  differences  in  the  level  of  expression  of  this  synergism 
were  observed  between  two  of  the  agents  used*  The  differences  in  the 
number  of  deaths  in  the  dual  Infection  Group,  as  opposed  to  the  Virus 
Control  Group,  were  quite  dramatic  with  EEE,  while  with  Ilheus  Inocu¬ 
lation,  the  differences  were  much  smaller*  In  the  single  experiment 
with  JBE,  the  effect  appeared  to  be  intermediate. 

In  the  two  EEE  experiments,  #1  and  #2,  In  which  the  i*p*  virus 
inoculum  approached  the  LDcq  level,  only  one  of  thirty  mice  survived 
{SRia  mortality)  in  the  Dual  Infection  Group,  as  opposed  to  ten  of  the 
thirty  mortality)  in  the  Virus  Control  Group*  However,  when  the 
dosage  was  decreased  to  approximately  the  MLD  level  for  the  Virus  Con¬ 
trol  Group  in  Experiment  #4,  a  corresponding  reduction  in  percentage 
of  mortality  in  the  Dusl  Infection  Group  did  not  occur  and  the  dif¬ 
ference  between  the  niunber  of  deaths  in  tl»  two  groups  was  most  pro¬ 
nounced  at  this  level*  A  parallel  result  is  also  Illustrated  by  the 
virus  titration  experiment  summarized  in  Table  2*  A  further  reduction 
of  the  amount  of  virus  inoculated  resulted  in  no  deaths  in  the  Dual 
Infection  Group* 

There  was  a  distinct  vai'lation  in  the  temporal  distribution  of 
deaths  between  the  Virus  Control  and  the  Dual  Infection  groups  in  the 
experiments  using  EEE  virus  (Fig*  l).  With  virus  alone,  deaths  oc- 
ctirred  between  days  3  and  9#  with  the  greatest  number  occiurring  on 
day  7*  With  the  dvial  infection,  the  peak  number  was  on  day  4,  and 
occurrences  were  spread  over  the  period  from  day  3  to  day  15 •  How¬ 
ever,  it  must  be  noted  that  verification  of  viral  death  was  not  obtain!* 
ed  in  the  case  of  the  mouse  dead  on  day  15* 

A  completely  different  relationship  is  apparent  in  the  case  of 
Ilheus  virus  (Fig*  2)  in  spite  of  the  small  numbers  involved.  Dis¬ 
tribution  in  the  two  groups  is  essentially  the  same  in  regard  to 
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length  of  the  period  during  which  deaths  were  observed;  and  the  peak 
occurrence. 

In  experiment  #10,  wherein  the  brains  of  the  mice  were  pene¬ 
trated  by  a  sterile  pin  one  day  after  Inocvilatlon  of  the  EX!E  virus  > 
the  results  were  comparable  In  every  way  to  those  of  the  experiments 
using  Trlchlnella  infection  (Table  3).  Pour  of  ten  died,  while  no 
deaths  occurred  among  the  mice  receiving  the  virus  alone,  nor  in  the 
non-infected  control  group.  Furthermore,  the  time  of  death  coincided 
with  those  observed  in  the  d\ial  infections,  occurring  on  days  4  to  6 
after  virus  Inoculation. 

Attempts  to  demonstrate  virus  within  the  larvae  recovered  from 
mice  with  dual  infection  with  trichinosis,  and  both  EEB  virus  and  II- 
heus  virus,  resulted  in  negative  findings.  None  of  the  suckling  mice 
inoculated  intracerebrally  with  worm  homogenates  developed  any  signs 
of  illness. 


DISCUSSION 

These  data,  which  demonstrate  a  pronounced  synergistic  effect 
of  Trlchlnella  spiralis  infection  with  peripheral  inoculation  of 
arboviruses,  also  shed  a  little  light  on  the  possible  underlying 
basic  mechanism  of  that  synergism.  Infections  with  EEE  virus  are 
diphasic,  with  preliminary  multiplication  in  non-neural  tissues,  and 
a  secondary  phase  in  which  the  virus  invades  the  CNS  and  multiplies 
there. It  is  possible  that  the  unsuitability  of  non-neural  tissue 
of  older  mice  for  virus  multiplication (7)  is  eJ-tered  to  afford  a  more 
suitable  milieu  through  changes  brought  about  by  the  invasion  of  Tri- 
chinella  larvae,  as  appears  to  happen  in  the  case  of  concurrent  in¬ 
fections  with  tills  nematode  euid  pocephaloinyocarditis  virus  in  rats 
reported  by  Kilham  and  Olivier. If  the  synergistic  effect  was  due 
to  increase  of  virus  multiplication  in  the  visceral  phase  with  a 
resultant  "spilling  over"  into  the  CNS,  it  should  be  expected  that  the 
period  until  death  should  be  at  least  as  long  as  for  those  mice  in 
the  Virus  Control  Group  which  received  lethal  intraperitoneal  doses. 
However,  this  proved  not  to  be  the  case.  Deaths  occurred  earlier  in 
the  Dual  Infection  Group,  which  correspond  exactly  to  the  time  of 
death  in  mice  inoculated  Intracerebrally,  and  indicates  an  early 
entry  of  virus  into  the  CNS. 

The  underlying  mechanism  is  also  possibly  more  complex  than 
the  possible  interpretation  that  the  Trlchlnella  merely  represent  a 
biological  equivalent  of  the  sterile  pin  of  experiment  #10  and  only 
cause  a  straightforward  physical  penetration  of  the  tissue  which 
separates  circulating  virus  from  susceptible  nervous  tissue.  Virus 
transport  into  nervous  tissue  by  meeuis  of  sm  intestinal  tract  filled 
with  virus -containing  body  fluids  would  seem  to  be  a  possibility. 
Syverton  at  reported  that  in  dusQ.  infections  with  guinea  pigs, 

lymphocytic  choriomeningitis  virus  could  survive  long  periods  in 
Trlchlnella  larvae  and  be  transmitted  by  them.  Although  similar 
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Bucceas  was  not  encoimtered  In  att^npta  to  recover  virus  from  larvae 
In  this  study,  the  possibilities  were  not  fully  explored  and  this 
aspect  would  hear  further  Investigation. 

SUMMARY  AND  CONCLUSIONS 


Young  mice  given  a  combined  infection  with  Trlchlnella  spiralis 
and  a  neuropathogenic  arbovirus  extraneuradly  showed  a  much  higher 
mortality  rate  than  mice  given  either  agent  separately.  Distinct 
differences  In  the  degree  of  this  synergism  were  apparent  with  dlf> 
ferent  viral  agents,  being  very  pronounced  with  SEE,  and  quite  mini¬ 
mal  with  Ilheus.  It  would  appear  that  this  synergistic  effect  of  dual 
infection  was  not  due  to  increased  viral  multiplication  in  visceral 
tissues  in  the  initial  phase  of  the  disease  caused  by  stress -induced 
changes  in  the  host,  but  that  it  was  due  to  early  initiation  of  the 
neural  phase  of  the  disease  by  the  introduction  of  virus  into  the 
central  nervous  system  by  the  migrating  larvae,  as  indicated  by  the 
time  of  death. 


40a 


WAI/rON 


References 

1.  Innes,  J.  R.  M.  and  Shoho,  C.|  1953*  Cerebrospinal  nematodiasls. 
Focal  encephalonyelomalacla  of  animals  caused  by  nematodes  (Seta- 
rla  digitata) i  a  disease  which  may  occur  in  man*  Arch.  Neurol. 

&  PBychiat.20:325-3**9* 

2.  Beautyman,  W.  &  Woolf ,  A.  C.,  19^1 •  An  ascaris  larva  in  the 
brain  in  association  with  acute  anterior  poliomyelitis.  J.  Path, 
fit  Bacteriol.  63;635-647* 

3.  Mochizuki,  H.  Tomimura,  T.#  and  Oka,  T.,  1954.  Cerebrospinal 
nematodiasis  as  a  provoking  factor  in  Japanese  B.  encephalitis: 
an  experimental  approach.  J.  Infect.  Bis.,  95 t 2^0-266. 

4.  Kilham,  L*  and  Olivier,  L.,  I96I.  The  promoting  effect  of  tri¬ 
chinosis  on  encephalomyocarditis  (EMC)  virus  infection  in  rats. 
Amer.  J.  Trop.  Med.  fit  Hyg.  10:  879-884. 

5.  Larsh,  J.E.  and  Kent,  D.  E.,  19l^9»  The  effect  of  alcohol  on 
natural  and  acquired  immunity  of  mice  to  infection  with  Trichl- 
nella  spiralis*  J.  Parasitol.  g5:45-53» 

6.  Sabin,  A.  B.,  and  Olitsky,  P.  K.,  1938.  a.  Variations  in  path¬ 
ways  by  which  equine  encephalomyelitic  viruses  invade  the  CNS 

of  mice  and  guinea  pigs.  Proc.  Soc.  Exper.  Biol,  fit  Med. 

^8: 595-597. 

7.  1938.  b.  Age  of  host  and 
capacity  of  equine  encephalomyelitic  viruses  to  Invade  the  CNS. 
Proc.  Soc.  Exper.  Biol.  597-599* 

8.  Syverton,  J.  T.,  McCoy,  0.  R.  and  Koomen,  J.,  1947*  The  trans¬ 
mission  of  the  virus  of  lymphocytic  choriomeningitis  by  Trichi - 
nella  splrsiliB.  J.  Exper.  Med.  (6):  759-789* 


489 


WALTON 


Table  1. 

Mortality  in  mice  inoculated  intraperitoneally 
with  less  tlian  LDcq  of  arbovirus,  with  and 
without  prior  infection  with  3OO 
Trichinella  spiralis  larvae. 


^V^ocxilura 

Qroup^v^ 

2. 

bee  10-^ 

3. 

ESE  10“-5j  bee  10-^ 

4. 

bee  10-^ 

A. 

Trichinella 

0/15 

0/15 

0/10 

1/15  * 

B. 

Both 

15/15 

14/15 

9/10 

6/10 

13/15  * 

c. 

Virus 

5/15 

5/15 

0/10 

1/10 

0/15 

^\^tooc\ilum 

Group 

mgm 

6. 

JBE  10-^ 

7. 

Ilh  10-^' 

8. 

Ilh  10-2 

9. 

i:ih  10-2 

A. 

Trichinella 

0/10 

1/20 

0/15 

2/15 

0/10 

B. 

Both 

0/10 

8/20 

V15 

4/15 

3/10 

C. 

Virus 

0/10 

1/20 

1/15 

1/15 

1/10 

Numerator  denotes  nvunber  of  deaths,  denominator  number  of  mice  tested, 
•istimated  200  Trichinella  larvae 
’‘‘400  Trichinella  larvae 


4Cf0 


WALTON 


Table  2. 

Effect  of  administration  of  300  Trlchlnella  larvae  6  days 
prior  to  intraperitoneal  titration  of  EKE  virus  in  adxjlt  mice. 


VIRUS 

DILUTION 

WITH 

TRICHINELIA 

WITHOUT 

TRICHIHELLA 

10-^ 

3/10 

10-5 

9/10 

0/10 

10-6 

6/10 

1/10 

10-T 

0/10 

0/10 

No  Virus 

0/10 

Table  3. 

Effect  of  mechanical  puncture  of  brain  of  mice  one 
day  after  intraperitoneal  Inoculation  of  EEE  virus. 


Puncture 

0/10 

only 

Virus  jb 
Puncture 

4/10 

Virus 

only 

0/10 

Numerator  denotes  number  of  deaths,  denominator  number  of  mice  tested. 
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Fig.  1 

Distribution  in  time  of  deaths  among  mice  from 
intraperl toneal  inoculation  of  BEE  virus  with,  and 
without,  prior  infection  with  Trichinella  splralls 


DAYS  AFTER  INOCULATION  OF  VIRUS 


Fig.  2 


Distribution  in  time  of  deaths  eunong  mice  from 
intraperi toneal  inoculation  of  llheus  virus  with, and 
without,  prior  infection  with  Trichinella  spiralis 


DAYS  AFTER  INOCULATION  OF  VIRUS 
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DESIOM  AND  REAPTION  MECHANISM 
OF  SHORT-LIVED  AIJCYLATINO  AGHJTS 


* 

CHAR1£S  E.WILLIAMSON,  JACOB  I.MIUER,  SAMUEL  SASS  AND  BENJAMIN  WETTBI 
CHEMICAL  RESEARCH  DIVISION,  U.S.  ARMI  CHEMICAL 
RESEARCH  AND  DEVELOPMQiT  LABORATORIES, 

EDGEWOOD  ARSENAL,  MARYLAND 


Th«  Inportane*  of  the  allgrleting  egents  In  the  study  of 
basic  life  neohanlsms  is  reflected  in  the  aisny  recent  publications  in 
this  area.  Exeirting  a  wide  spectrum  of  biological  activity,  these 
eonqpounds  an  capable  of  producing  radiation  type  symptoms,  chromo- 
sonal  aberrations,  mutations,  and  carcinogenic  as  well  as  cancer 
chemotherapeutic  effects  (1). 

In  vitro  experiments  indicate  that  the  primary  process 
initiating  cellulir  diunage  is  the  inactivation  of  deoocyrlbanueleic 
acid  (DNA)(1).  With  proper  understanding,  it  should  be  possible  to 
design  alicylating  agents  that  would  exert  their  effects  almost  ex¬ 
clusively  in  vital  areas.  Such  conpounds,  wotild  be  expected  to  be 
extremely  effective  as  chemical  warfare  agents  because  oi  the  small 
doses  required  for  the  inactivation  of  DMA.  Conversely,  alkylating 
agents  mle^t  be  designed  so  that  this  toxic  reaction  with  DNA  occurs 
only  in  non-vltal  tissue  as,  foi*  example,  in  malignant  tumor  tissum. 
Thus,  short  lived  alkylating  agents  may  find  application  in  intra¬ 
arterial  cancer  chemotherapy.  Such  agents  would  exert  their  activi^ 
within  the  tumors  but  degrade  rapidly  to  non-toxlo  products  in  the 
short  time  required  to  pass  throue^  the  oapiUaxy  b^  and  return  to 
the  Itings  and  heart.  Upon  arrival  at  the  sensitive  bone  marrow  areas 
only  an  insignificant  quanti^  of  active  agent  would  remain. 

In  spite  of  the  miny  studies,  the  basic  mechanisms  of 
chemical  raactions  of  the  all^atlng  agents  are  only  vaguely  under¬ 
stood.  The  current  investigation  was  undertaken  in  an  effort  to 
better  define  the  chemical  actions  of  these  conpounds  as  they  relate 
to  the  above  areas  of  interest. 

Apprcadmately  thirty  new  aliphatic  sulfur  mustards  of  wide¬ 
ly  vaiying  structures  were  designed,  synthesised  (2,3),  and  their  re¬ 
activities  in  aqueous  media  were  determined.  By  utillsatitti  and 
analysis  of  Taft's  linear  free-energy  relationships  (U),  the  param- 
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•ten  controlling  tho  rcMtivltjr  of  the  mustards  hsoaas  apparent. 
These  parameters  have  been  foze^ated  Into  a  mathematical  equation 
that  can  be  used  to  aid  In  tie  design  of  sulfur  mustards  with  pre¬ 
dictable  reactivities  In  aqueous  media  as  measured  by  their  half 
llvesj  which  varied  from  fractions  of  a  second  to  periods  longer  than 
five  hcnxrs* 

I.  RESULTS  AND  DISCUSSION 

A*  Facters  Influencing  the  Reactivitir  of  Sulfur  Mustards 

The  active  species  of  sulfur  mustards  I  is  attributed  to  a 
highly  reactive  3-membered  ethylene  sulfonlum  Ion  II  (Eq*l)(5)  idilch 
reacts  very  rapidly  with  water  as  well  as  with  other  nucleophilic  re- 
agentSy  such  as  thiosulfate^  amines,  proteins,  thiols  and  nucleic 
acids  (6).  The  rates  of  these  reactions  are  all  essentially  identi¬ 
cal  and  depend  only  upon  the  rate  of  formation  of  the  ethylene  sul- 
fonittn  Ion  II.  Because  of  the  extremely  rapid  reaction  between  II 
and  nueleophUle  substances,  the  identity  of  the  nucleophile  Is  un- 
liqportant  from  a  kinetic  viewpoint.  The  rate  of  ethylene  sulfonlum 
ion  formation  (the  rate  controlling  step)  of  a  particular  sulfur 
mustard  thus  d^lnes  Its  rate  of  reaction  with  all  nucleophilic  re¬ 
agents.  In  accordance  with  eq.  1,  these  reactions  eadiiblt  first 


order  kinetics. 

CH, 

€/\  *  © 

S^ow 

RSCHgCHgOH  ♦  HCl 

RSCHgCHgCl 

RS  *►  cT 

'Njhj 

eq.l 

RSCH2CH2I  ♦  Cl 

I 

II 

where  T®  3  nucleophilic 
reagent 

Althou^  the  sulfonlum  Ion  reacts  extremely  rapidly,  it  is 
stable  enough  to  exhibit  selectivity  toward  the  reacting  species. 

Keen  ooiig)etitlon  for  II  Is  observed  In  aqueous  solutions  containing 
small  quantities  of  cellular  constituents,  such  as  DNA  and  sulfhydryl 
containing  compounds  (6). 

A  syatomatlc  study  of  the  factors  influencing  the  hydroly¬ 
sis  rates  would,  therefore,  be  indicative  of  the  factors  influencing 
the  reactivity  of  mustards  in  aqueous  media  with  all  nucleophiles.  In 
this  study,  the  rates  of  oyellsation  of  the  mnstards  were  detwadned 
by  measurement  of  their  hy^olysis  rates. 

The  hydrolysis  data  were  obtained  by  the  ii-(lt'-nltro- 
bensyDpyrldlne  procedure  (7)f  pH  Imh,  37^,  which  measured  the  rate 
of  cleavage  of  the  cazbon  to  halogen  bond.  In  those  instances  idiere 
the  reaction  rates  were  vexy  rapid  at  37^,  the  rates  were  obtained  at 
lower  teiqperatures  and  extrapolated  to  37^  by  means  of  the  Arrhenlum 
equation.  The  data  are  recorded  in  table  1  for  the  monofunctlonal 
mustards  and  in  tabla  2  for  the  bifunctional  mustards.  These  data 
indlcata  that  the  following  two  factors  influence  the  rate  of 


494 


V1LLIAK30N,  MILIER,  SASS  AND  WITTEN 

eycllsatloni  (1)  the  nature  of  the  substituent  group  R  and  (2)  the 
type  of  leaving  group  X. 

TABIE  1 

Rydrolysls  Rates  of  Mcnofunetional  Sulfur  Mistards^ 
RSCH2CH2Cl(pH  7.U,  37*) 


S-No. 

R 

Theoretical 

Kl 

HB 

» 

cr 

log  j; 

Kq 

«  a 

cr/o 

BB 

166 

CH3(CH2)3- 

0.11 

6.08 

-0.130(a) 

0.360 

0.326 

161 

((513)2®- 

O.llt 

U.977 

-0.190(a) 

0.293 

O.U78 

136 

CHjCH^CHp— 

o.m 

5*035 

-0.115(a) 

0.296 

0.289 

152 

C2H^C(0)((at2)j^- 

0.11^ 

U.966 

0.292 

165 

(ni3®2** 

0.17 

3.972 

-0.100(a) 

0.195 

0.251 

15U 

((^3)30- 

0.19 

3.622 

-0.300(a) 

0.155 

0.753 

153 

®3- 

0.22 

3.221 

0.00  (a) 

0.10U 

0.00 

12U 

^C(CH2)2- 

0.2U 

2.92li 

0.062 

UiO 

C2H^C(0)(OT2)3- 

0.U9 

1.U09 

0.091(b) 

-0.255 

-0.228 

1 

HOCH-Cmo- 

0.66 

1.05U 

0.198(b) 

-0.381 

-O.U97 

6 

'^bocCHg- 

0.79 

0.875 

-0.U62 

156 

CgHgCH2* 

0.81 

0.859 

0.215(a) 

-0.U70 

-0.5U0 

151 

NC(CH2)3- 

1.00 

0.692 

0.166(b) 

-0.56U 

-0.1il7 

171 

CH3NHC(0)(CH2)2- 

1.03 

0.673 

0.25U(b) 

-0.576 

-0.638 

1U3 

C2H50C(0)(CH2)2- 

1.09 

0.63U 

0.25U(b) 

-0.602 

-0.638 

117 

H2NC(0)OT2“ 

lU.O 

0.0U96 

0.71  (d) 

-1.709 

-1.782 

100 

C2H50C(0)CH2- 

15.6 

0.0l»U5 

0.71  (c) 

-1.758 

-1.782 

1U6 

NCOT2- 

308 

0.0022U 

1.30  (a) 

(a)  Talues  froei  ref.  U.  (b)  Derived  as  1/2.8  x  tor  substituent 

-with  one  less  methylene  group  (U).  (e)  1/2.8  x  tor  COOCH3  (U)« 

((1)  0~  value  of  0.71  was  assigned  for  the  graap 
value  best  fits  the  data  considered  in  this  paper  (2). 
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TABI£  2 


f^jnlrolyvla  Rates  of  Blfimetlonal  Sulfur  MUatarda, 
XCH2CH2S(CH2)j^C0NHCH2CH2NHC0(CH2)qSCH2CH2X 

(pH  7.U,  37°) 


Experimental 

Theoretical 

k 

■■ 

Z 

n 

min* 

sec. 

min“^ 

<r 

,  k 

BB 

1*6 

Cl 

1 

QQ||[ 

M 

0*01*05 

0.71 

-1.797 

-1.782 

112 

Cl 

2 

0.573 

0.25U 

-0.61*6 

-0*638 

150 

Cl 

3 

1.200 

0.091 

-0.325 

-0*228 

163 

Cl 

U 

0*23 

13*7 

3.031* 

-0.031(a)  0.078 

0.078 

176 

Br 

1 

0*28 

16.6 

2.506 

0.71 

-1*913 

-1.889 

179 

Br 

2 

0.013 

0.78 

53.15  (b) 

0.251* 

-0*600 

-0*676 

180 

Br 

3 

0.0056 

0.33 

125.11*  (b) 

0.091 

-0.253 

-0.21*2 

182 

Br 

1* 

0.003 

0.18 

228.51  (b) 

-0,031 

0.0U5 

0*082 

172 

I 

1 

0.73 

U3.9 

0.91*6 

0.71 

-1*986 

-1.995 

169 

I 

2 

0.01*6 

2.7S 

15.081(c) 

0.251* 

-0.71*9 

-0.711* 

173 

I 

3 

0.018 

0.99 

l*2.0l6(c) 

0*091 

-0.231 

-0,256 

(a)  Assigned  value  (2)«  ^ 

(b)  Extrapolated  frcn  rate  at  3«5  utilising  Ei^  value  for  S-176* 

(c)  Extrapolated  from  rate  at  3.5*^  utilizing  value  for  S-172. 


(1)»  Effect  of  Substituent  Group  R 

Analysis  of  the  data  reveals  that  the  reaction  rate  is 
dependent  upon  both  the  electron-vithdravlng  power  of  R  and  the 
proodmlty  of  R  to  the  sulfur  atom*  As  R  becomes  more  effective  in 
its  electron-withdraving  capability,  the  carbon  to  chlorine  bond 
becosms  more  stable  toward  hydrolysis  (Table  3)*  Introduction  of 
methylene  groups  between  the  sulfur  atom  and  the  polar  substituent 
group  decreases  the  effect  of  the  latter  due  to  the  inductive  insu» 
lating  properties  of  methylene  groups*  Thus,  the  inHuenoe  of  the 
electron-withdrawing  carbethoo^  and  nitrile  groves  on  the  reaction 
rates  is  markedly  reduced  idien  these  groups  are  separated  from  the 
sulfur  atom  hy  two  or  more  methylene  units  (Table  U)* 
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TABtg  3 

Tht  Eff«et  of  Eloetron-Wlthdrawliig  Subotltuont  (R) 
on  tho  I^Tdroljnis  Rntoi  (C«C1  Bond)  of  Monofunotlonal 
Muitnrda  (CICR2CR2SR)#  BH  7*li»  37** 


S-No* 

R 

min* 

k,  min*^ 

136" 

-GH2CH2GH3 

o.iU 

5.035 

1?3 

-CH3 

0*22 

3*221 

156 

-CHgC^^ 

0*81 

0.859 

IX 

-CH2000G2H^ 

15.6 

0.0U)3 

11)6 

-CH2CN 

306 

0.X22U 

TABLE  U 

The  Effect  of  Proodnltgr  of  Eleetron-Withdrnwing  Sub- 
atltaent  (r)  to  the  Sulfur  Aton  on  the  Ifydrolyvia  Ratea 
(C-Cl  Bond)  of  Monofunetlonal  Mxatarda  (ClCH2CIl2S(CH2)nR)» 

pH  7.U,  37® 


S-No* 

n 

R 

min* 

k,  adn-^ 

100 

1 

-OOOC2H5 

15.6 

0*01)1*3 

11*3 

2 

-C00C2l% 

1.09 

0.631* 

11)0 

3 

-OOOC2H5 

0.1*9 

1.1*09 

152 

U 

-OOOC2H5 

o.u* 

U.966 

11*6 

1 

-ON 

308 

0.00221* 

151 

3 

-ON 

1.00 

0.692 

Conaiatent  vlth  eq«lf  the  rate  of  formation  of  the  aulfonl- 
urn  Ion  II  la  directly  dependent  iq>on  the  relative  baaicity  of  the 
aulfor  aton,  ehioh  in  tom,  ia  influenced  by  the  polar  nature  of 
nearby  aubatltuenta*  Thua,  the  preaence  of  an  adjacent  electron* 
withdrawing  group  would  be  expected  to  decreaae  the  baaicity  of  the 
aulfur  aton  and  conconitaiitly  retard  the  rate  of  foznatlon  of  II« 
Converaely,  both  the  baaicity  of  the  aulfur  atom  and  the  rate  of  for¬ 
mation  of  II  will  be  Increaaed  by  adjacent  electron-releaaing  aub- 
atituenta*  The  interpoeition  of  methylene  unlta  between  the  electron 
releaaing  or  withdrawing  aubatltuent  and  the  aulfur  aton  ahould 
niadnise  both  effeota* 

One  niid^t  expect  that  aterlo  factor  a  would  alao  influence 
theae  reaction  ratea*  Aa  R  beoonea  bulkier,  the  rate  of  cyeliiatlon 
ahould  decreaae  correapondingly*  A  aeriea  of  ooaf>ooada  deaigned  to 
teat  thla  hypotheala  were  prepared  and  their  hydrolyaia  ratea  were 
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■Mtortd  (TAbl«  $)•  Th*  ratei  wirs  foimd  not  to  bo  in  tho  oopoetod 
ordor  If  polar  offoott  alono  aro  oonaidarad  and  ona  might  oonolud# 
that  atarle  hladranoa  is  responsibla  for  tha  ratardad  rata  Iti  tha 
bulky  tartiaxy  butgrl  mostard  (S«l^)«  Howarerf  a  oosprahansiTa 
analgia  of  tha  data,  as  diseussad  latar  in  this  roporti  raraalad 
that  atarie  eensidarations  in  tha  aliphatic  nustards  arc  of  minor 
aignifioanoa* 


TAgB  $ 

Starie  Considarationa  aa  Ralatad  to  tha  Ibrdrolysia  Rataa  (C-Cl  Bond) 
of  Ncnofunetional  Mustards  (C1CH2CH2SR)«  pH  37 


S-«e« 

liT" 

165 

161 

15U 


R 

-GH2CH3 

-CH(CH3)2 

-C(CH3)3 


t^,  min» 

0*22 

0.17 

0.1U 

0.19 


kf  min*^ 

3.221 

U.972 

U.977 

3.622 


(2).  Effaot  of  tha  Laarlng  Halogen  Function 

Ona  vpuld  logically  predict  that  tha  substitution  of  tha 
Qhlorlna  atom  of  tha  2«ehlQroathy^ulfu]^^tard8  (aq.  1)  by  a 
battar  laaring  function  (a.g.,  Br  G  or  I  ^  would  result  in  tha  moro 
rapid  formation  of  II  and  aubsequant  rapid  hydrolysis.  A  oonparison 
of  tha  obsarvad  klnatic  data  of  structurally  ralatad  chloro-,  bromo-, 
and  iodo-austards  (Table  2)  raraals  that  tha  breno-mustards  hydrolyaa 
about  throe  tinas  more  rapidly  than  tha  corrasponding  iodo-austards 
and  about  ma  hundred  timaa  faster  than  tha  corresponding  chloro- 
iimstards(*%  In  faot^  tha  shortest  lira^  mustard  of  tha  brono  series^ 
S-l82f  has  a  half  life  of  but  0.2  second, 

B.  Quantitatiaa  Correlation 

Taft  (U)  has  quantitatively  ^orralatad  tha  hydrolysis  rates 
of  a  sarias  of  aliphatic  asters  (RCOOR  )  vith  their  structures  by 
modifying  the  Hannatt  aquation.  Wa  have  successfully  used  these 
relationships  to  oerralata  structure  with  tha  hydrol^^  rates  of  tha 


Neither  the  quality  of  tha  bromine  atom  as  a  leaving  group  nor 
its  alactron-withdrawix^  power  can  explain  tha  greater  raactivl^  of 
tha  bromo-nustards  as  oonparad  with  tha  iodo-mstards.  Howavarj  this 
anomaly  is  not  unpracadantad.  It  has  bean  observed  by  Ross  (8)  that 
tha  broewathyl  nitrogen  mustards  hydrolyse  more  rapidly  than  tha 
corresponding  iodoetbyl  nitrogen  mustards. 
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allptetio  lulfter  MaAtArdi*  Only  polar  and  atarlo  faotora  wara  oon- 
aldarad  sinoa  the  mustarda  aara  ao  daalgnad  that  raaonanoa  affaota 
wara  ninlMl*  Ihidar  thaaa  eondltiona,  tha  Taft  aquation  takaa  tha 
following  form  (aq«2)t 

-  k  **- 

log  2  ^  ^  /  E,  aq.  2 

idiarat  la  tha  hjrdrelyala  rata  of  rafaranoa  eonpeund  C1CH2CH2SCH^ 

k  la  tha  rata  of  hjdrolyala  of  tha  ooqpound  containing  a 
aubatltuant  R  in  GICH2OH2SR 

a 

(T  t  eonatant,  aaaaaaaa  tha  polar  affaot  of  aubatltuant  R 

Eg,  a  oonatant,  aaaaaaaa  tha  atarlo  affaot  of  aubatltuant  R 
a 

^  la  a  eonatant  daaeriblng  tha  auao^tlbUlty  of  tha  raaetlon 
'  to  polar  affaota 

la  a  oonatant  daaorlblng  tha  auaoaptlbillty  of  tha  raaetlon 
to  atarlo  affaota* 


Xn  tha  mustard  aarlas,  aq*  2  attributaa  tha  ralatlva 
raaetlon  rates  to  tha  sum  of  polar  and  starlo  affects  of  tha  sub-  „ 
stltuant  groiq)  (R)  attaohad  to  tha  sulfur  atom*  A  large  nagatlaa 
▼alua  indloatas  that  tha  CTollcatlon  proeass  (aq*  1)  Is  ▼ar7  da*  * 
pendant  upon  polar  factors  while  a  large  posltlTo  ^  Indloatas  that 
starlo  affects  are  iiqportant*  Tha  data  reported  In  the  preyious 
aeotion  indicated  qiialltatiyaly  that  polar  affaota  wara  the  prominent 
factors  governing  tha  reaction  rates*  Accordingly,  as  a  first  ap¬ 
proximation  In  tha  quantitative  treatment,  tha  taTini^0  of  the  Taft 
aquation  was  neglected  and  a  graphic  plot  of  log  k  versus  was 
prepared  for  the  monofunctional  mustards  (Fig  1)* 


The  llnearitF  observed  In  Pig*  1  oonfizms  the  strong 
dependenoe  of  the  reaction  rate  on  polar  faotcnrs*  Only  two  ootqpounds 
(S-1U6  and  S-15U)  deviate  significantly*  Compound  S-ln6 
(CICH2CH2SCH2CN)  reacts  at  a  rate  soroeidiat  faster  than  predicted  by 
polar  oonsiderations  alone.  Since  its  first-order  hydrolysis  Is  so 
Very  slow,  a  complementary  Sif2  reaction  at  the  carbon-to-chlorlna 
bond  might  produce  a  hybrid  rata  constant*  Tha  deviation  of  the 
tertiary  butyl  mustard  S-15U  from  the  linear  plot  oannot  be  readily 
ejqplainad*  The  starlo  constant  (e,)  for  the  tertiary  butyl  group 
(-1*^),  although  large.  Is  of  the  same  magnitude  expected  for  several 
other  ooiqpounds  In  this  series  (e*g*,  S-100,  S-117,  and  S-171)* 

However,  S-15U  Is  the  only  member  axMbltlng  such  a  markedly  retarded 
rata*  It  would,  therefore,  appear  unlikely  that  this  retarded  rate 
is  due  solely  to  sterlc  hindrance*  An  alternate  explanation  was 
sought* 


It  Is  generally  recognised  that  alpha  hydrogen  atoms 
adjacent  to  an  unsaturated  system  produce  an  electronic  stabilisation 
beyond  that  sKpeotad  from  a  purely  Inductive  effect*  This  phenosM- 
non,  hyperoonjugation,  possibly  plays  a  rde  In  the  mustards  contain- 
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ing  TUTlng  Dunbors  of  olpho  hjndrogon  Atoos*  Although  usuollj  Afso* 
ciatod  with  tho  pi  orbitals  of  aresistlo,  othsr  unsaturatsd  systans 
and  carbonyl  containing  ootqpounds^  hyparconjugatlon  nay  also  ba  'V8SO> 
clatad  with  tha  3d  orbitals  of  the  sulfur  atom*  Both  expansion  of 
the  sulfur  atom's  vslanoy  electron  shell  and  stabilisation  by 
resonanoe  into  the  3d  orbitals  are  well  doeunented  (9»10)«  Such 
hyperoonjugation  nay  oocur  in  accordant  with  eq*  3* 

H2C  ==  Sra2CH2Cl  oq.  3 

iP 


H2CJSCH2CH2CI 

H 


In  conformance  with  the  Beker-Nathan  effect  (11)#  an  alpha 
hydrogen  in  the  substituent  group  R  of  the  mustard  should  Ijipart 
added  electron  density  to  the  sulfur  atom  and  result  in  an  Inorease 
in  the  reaction  rate.  Additional  alpha  hydrogens  should  intensify 
this  effect.  Such  devlationa  are  observed  in  these  studies  and  may 
be  attributed  to  hyperconjugatlon  (Pig,  2),  Ccnpound  S-15U#  >dilch 
contains  no  alpha  h^rogens#  and  S-16I#  which  contains  one  alpha 
hydrogen  atom,  both  fall  outside  the  9556  confidence  limits  in  the 
present  treatment.  The  deviation  is  most  pronounced  with  S-19U, 

In  view  of  the  agreement  between  the  reaction  rate  and 
polar  effects  for  most  of  the  mustards,  the  steric  susceptibility 
constant,  oT  in  eq,  2,  must  be  small  and  the  tenses  may  properly  be 
disregarded.  Per  the  determination  of  tho  susceptibility  constant 
for  polar  effects  only  monofunotional  mustards  that  contained 

two  alpha  hydrogens  were  considered  (Fig.  3)*  Variations  due  to 
possible  hyporconjugatlon  effects  are  therefore  not  introduced.  Since 
it  is  believed  that  S-IU6  hydrolyses  simultaneously  by  both  Sjfl  and 
S^2  mechanisms,  this  compound  also  was  not  included  in  the  determi¬ 
nation  of  A  /o  value  of  -2,5l  was  obtained  as  the  slope  of  the 
plot  of  Iqg  k  versus  ^  (pig,  3), 

The  reaction  rate  of  the  monofunotional  mustard  containing 
a  methyl  substituent  (S-153)  would  normally  be  the  reference  standard 
from  which  log  la  obtained.  However,  it  contains  three  alpha 
hydrogen  atoms,  Por  this  reason  a  hypothetical  log  k©  derived  fr«i 
Pig,  3  at  the  point  where  is  equal  to  sero  was  oonsldered  to  be 
more  accurate.  This  log  k^  value  (O.UOU)  was  used  in  subsequent 
calculations. 

Fig,  3  can  be  used  to  predict  the  reaction  rates  of 
2-chloroethyl  sulfur  mustards.  Deviations  above  the  theoretical  line 
are  due  to  rate-accelerating  effects,  whereas  deviations  below  the 
line  result  from  steric  or  other  retainiing  effects, 

Eng>loying  the ^ *  and  log  kg  values  obtained  from  Fig,  3 
the  Taft  equation,  log  kAo  *  can  be  applied  to  the  reaction 

of  sulfur  mustards  with  nucleophilic  reagents.  The  agreement  shown 
in  table  1  demonstrates  the  validity  of  this  quantitative  treatment. 
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T«ft  (It)  haa  dmionatratad  that  tha  affaet  cf  Introdiiolng  a 
methylena  f^roup  batvaan  a  polar  aubatltuant  and  tha  raaotion  eantar 
radueaa  tha^*Talua  of  tha  aubatltuant  by  a  factor  of  l/2*8.  Thua, 
tha  influanoa  of  n  methylena  groupa  would  raault  In  a  naw  valua. 

At  a'^  aufflelently  larga  numbar  of  mathylana  groupa 
(l,e«,  at  a  point  whara  tha  alaetron-ikthdraidng  group  no  longar 
axarts  an  Influanoa),  ana  would  axpaet  tha  aign  of  ff-*  to  ehanga 
from  poaitlva  to  a  negatlva  valua*  Stnoa  tha  tam  (rV(2*8)>^  oan 
never  be  lass  than  sero,  no  matter  how  larga  la  n,  this  ralationahip 
falls  at  some  value  of  a*  In  tha  mustards,  this^'oeeurs  when  a  equals 
It,  as  In  the  oasa  of  S-1^2.  Hera,  tha  hydrolyaia  rata  la  faatar  than 
predicted  and  Is  tha  aame  as  S-136  (n-propjd  mustard),  whleh  has  no 
electron-withdrawing  group. 

From  Fig.  3,  values  oan  be  assigned  to  those  sub¬ 
stituents  whleh  do  not  fit  the  linear  plot  baoausa  of  failure  of  this 
relationship.  Such  an  assignment  for  S-1^2  Is  shown  In  Table  6. 
Included  in  the  table  az*e  two  mustards  containing  the  cai'boocylabe  ion 
(S-6  and  S-12li),  for  whleh  there  are  no  previously  recorded  values. 
The  literature  o’*  value  for  the  unionised  carboxyl  group  (I4)  is  not 
applicable  to  its  eon^gate  base. 

The  present  quantitative  treatment  applies  to  blfunotlonal 
as  well  as  monofxmctional  mustards.  Log  and  /o*  values  were 
obtained  for  the  structurally  related  bifunctional  chloro-,  bromc-, 
and  iodo-  sulfur  mustards  (Fig.  U*  Table  ?)•  Table  7  illustrates 
the  dependence  of  log  upon  the  nature  of  the  leaving  halogen. 

The  deviation  of yO*  is  small. 

TABLE  6 


Assignment  of  New  Polar  Substituent  Constants  for  RSCH2CH2CI 


X 

* 

Cl 

-2.51 

0.l40l4 

Br 

-2.66 

2.321 

I 

-2.81 

l.S»62 
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La  squcoue  baff«r«d  ntdia  or  In  othor  bioIosloAl  iTitoma 
•uoh  «a  bloody  ^  lift  of  aliphatlo  aulfur  nuatarda  dapeada  upon 
tha  rata  of  athsflana  aulfoniwi  ion  formatlcn.  A  kinatie  atudf  of 
thla  rata  oontrolllng  atap  haa  lad  to  a  mora  oaq>rahanaiTa  undar- 
atandlng  of  tha  raaotion  aiaohanlaa  of  thaaa  alkylating  aganta* 

Tha  major  faetora  influanoing  thalr  raaotlvity  with 
nuclaophllie  raaganta«  aa  naaaurad  by  thalr  hydrolyala  rataa,  hava 
baan  ahown  to  bat  (1)  tha  Induotlwa  polar  affaota  of  tha  aubatltuant 
adjaoant  to  tha  aulfur  atom  and  (2)  tha  natura  of  tha  laarlng  halogan 
funotlon  on  tha  oarbon  atom  bata  to  tha  aulfur  atom.  Spatial  oon- 
aidaratlona  (atarlo  hlndranea)  are  of  minor  algnlfloanea*  Tha 
oonoapt  of  hypareonjugatlon  haa  baan  ucaful  in  tha  axplanatlon  of  a 
numbar  of  aaamlngly  ancmaloua  raaulta. 

Baaad  on  tha  quantltatlva  traatmant  cf  tha  kinatlo  data^ 
tha  Taft  aquation  haa  baan  alnpllfiad.  In  thla  fom«  tha  aquation 
can  ba  uaad  to  daalgn  naatarda  of  pradlctabla  raaetlTltlaa.  Aa  part 
of  thla  Invaatlgatlcn,  oonpoonda  hava  baan  aynthaalaad  poasaaalng 
half  livaa  at  pH  T.Uf  37^  aa  abort  aa  0.2  aaeond  to  longar  than  S 
houra. 


With  tha  vary  abort  llvad  alkylating  aganta«  tha  tlma  that 
la  raquirad  for  tranaport  to,  and  panatratlon  of,  tha  eallular 
mambranaa  baoomaa  a  oritloal  factor  In  datamlnlng  tha  quantity  of 
alkylating  agant  avmllabla  for  toxic  raaotlona  at  althar  tha  eall 
aurfaoa  or  the  Intra-nuolaar  DNA*  Thua,  tha  ahort-llvad  muatarda 
ahould  ba  valuable  in  tha  study  of  oytotoocio  meohanlana  aa  related 
to  cancer  ohamotharapy  and  chamloal  warfare* 
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Fig.  2.  Deviation  from  Predicted  Reaction  Rate  with 
Variation  in  Number  of  4a  •  Hydrogen  Atoms . 
S-  153  =  3;  S«  161  :  i:  S-  154  s  O; 
Correlation  Line  •  2, 
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Fig.  3  Plot  of  log  For  MonoCuncttoaol  1-Chiororthyl  Sulfur 

Muatardo  CoaUiiniag  Tuo  Alpha  Hydrogaa  Atoma.  Slop#*  -  2. SI: 
log  k  ■  0.404  uibaro  (T*  : 
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MBASURDODIIS  OP  TRUE  DARK  COMWICTIVITIBB 
IM  FIRROCOB  CRTSTAIfi 


FFC  SEWARD  ZSBUBR  «aA  CIAZRB  L06C0B  BURKE 
U.  S.  ABMT  BUBGrRQRIOB  RBBARGH  k  DEVELOFNENT  LABORAffCKEBS 
FORT  MOmOUrB,  HSU  JBRBSr 


•xlttttne*  of  a  trvia  dark  oonduotlrlty  in  orgMalo  aatarl* 
ala  taaa  batn  vldaly  qxiaatloiMd.  Although  raoant  Itnraatlgationa  havt 
olariflad  to  aoaa  axtant  tha  Mebaniaa  of  tha  plMtoooaduotlon,  up 
until  now  no  proof  haa  baan  offarad  that  rani  oonduotlon  through  tha 
bulk  oooura  in  tha  dark*  In  ganaral^  axparlaantally  tha  eoaduotlvl- 
tlaa  of  orgaaioa  lAoraaaa  axponantlaily  vith  X/T  vhloh  la  typical 
bahavlor  for  Intrlnalo  aaaioonduotoraj  and  haa  raaultad  In  tha  naaa 
"organic  aaaiconduetora*"  Bamrtr,  activation  anargiaa  oaloulatad 
froB  thaaa  ourvaai  togathar  vith  tha  lev  conduct ivltias^  if  ordinary 
band  BOdala  ara  anaunad,  land  to  unraaliatloally  high  aobilitiaa 
vhioh  ara  not  confimad  by  photoconductivity  Maauraamta*  Further 
Boraj  tha  dark  conductivity  axfelbita  a  "alugglah"  bahavlor  vith 
voltaga  and  taaparatura  ohangaa.  lhua»  tha  dark  conductivity  ia 
uaually  aacrlbad  to  tha  affact  of  dialactrle  ralaxatioo,  blocking 
eontacta,  and  iopurlty  and  aurfaca  affacta. 

In  tha  praaant  papar^  va  daaeriba  cyataaatlo  dark  conducti¬ 
vity  naaauraawnts  on  a  aonoawrio  organic  cryatal.  lha  natarial 
ohoaen  was  farrocana  vhich,  baoauaa  of  ita  jralativaly  lev  roca 
tasqparatura  raaiativlty  of  tha  order  of  l(r^  ohm  oa  and  ita  alnpla 
atruetura^  appaara  to  ba  vary  aultabla  aa  a  andal  aubatanoa  for 
dark  conductivity  invaatlgationa*  IVoa  tha  naaauraaanta  parfomed, 
including  voltaga  probing  along  tha  aaapla,  long  tLja  obaarvationa, 
and  aaaauraaant  of  raaiativlty  vith  guard  ringc,  it  la  aatabliahad 
that  tha  dark  conductivity  axiata  and  cannot  ba  axplainad  aa  due  to 
contact  affacta*  dialaetrio  ralaxation  or  aurfaca  conduction.  Da- 
pandancaa  of  tha  conductivity  on  iavurlty  content  and  cryatal 
direction  ara  difficult  to  datanaina  and  ara  diacuaaad.  Tbarvo- 
alaatrlo  power  data  ahov  that  tha  Saaback  affect  la  aa  large  aa 
1*2  ■V/dagraa  and  that  holaa  ara  nora  aobila  than  alaotrona* 

Slide  1  ahova  aoaa  of  tha  prepartiaa  of  farrocana.^  Alao 
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knoim  M  dicyclopentadlttnyllron,  ferrocene  It  tn  organo-oetalllc 
coopound  contitting  of  tvo  flve-aesBibered  rings  with  an  iron  atom 
"tandvlehed*'  between  them.  It  nsltt  at  173*17^*C>  and  It  stable  in 
air  and  water.  Ferrocene  form  orange  colosred  crystals  in  tvo 
shapes,  needles  and  diamond-shaped  plates  whose  faces  asre  the  (UO) 
and  (OOl)  planes.  Ihe  crystals  are  diehroic  with  the  differences  in 
absorption  with  directions  of  the  plane  of  polarisation  of  the  radi¬ 
ation  occuring  when  the  incident  radiation  is  perpendicular  to  the 
(no)  face.  When  the  cxystal  is  obseired  in  plane  polarised  white 
light  its  color  changes  from  brownish-red  to  bright  yellow  as  the 
plane  of  polarisation  is  rotated. 

All  saoples  used  in  the  aeasuremnts  were  single  crystals 
of  ferrocene  grown  in  one  of  four  ways:  (l)  by  alow  evaporation  of 
a  sattxrated  bensene  solution,  (2)  from  the  melt  in  an  enclosed  glass 
tube  (Bridgaan  method),  (3)  ftom  the  vapor  phase  in  the  presence  of 
a  tesperature  gradient  (sublimtion)  and,  (4)  from  the  melt  within 
the  enclosed  sone  refiner  tube.  tEhe  crystals  were  cut  to  the  desired 
shape  with  a  rasor  b^ade,  polished  by  rubbing  them  on  a  bensene 
soiked  paper,  and  finally  rinsed  in  bensene  to  obtain  clean  shiny 
surfaces. 


The  nature  of  silver,  finely  powdered  carbon,  and  copper 
iodide  contacts  to  ferrocene  was  investigated  by  measuring  the  volt¬ 
age  drop  between  one  end  of  the  crystal  and  two  different  points 
along  the  saag^e.  Slide  2  shows,  in  the  upper  left  comer,  a  diagram 
of  the  sasple  arrangement.  Thu  end  contacts  were  made  by  painting  a 
sxispenslon  of  the  desired  material  on  the  ferrocene.  (Senter  probes 
were  made  in  two  ways,  by  melting  fine  wires  into  the  crystal  and  b/ 
painting  on  contacts.  Tjrpical  saaple  dimensions  were  3x4x8 
A  Gary  vlbratlng-reed  electrometer  model  31  was  used  to  ^seasure  the 
voltage  between  the  end  and  the  center  contact.  The  graph  shows 
the  electrometer  reading  in  volts  at  various  times  after  3  volts 
have  been  applied  along  the  length  of  the  crystal.  It  is  seen  that 
after  a  short  time,  i.e.,  five  minutes,  the  electrometer  reading  is 
low.  Increases  as  the  time  Increases,  and  finally  after  90  minutes 
has  reached  equillbrlin  at  a  point  on  the  ideal  curve.  Thus,  it  a 
STifficlently  long  time  is  allowed  after  initially  applying  the  volt¬ 
age,  fexTOcene  shows  a  linear  voltage  drop  along  its  length  like  an 
ordinary  resistor.  There  is  no  evidence  of  the  end  contacts  influ¬ 
encing  the  results,  particularly  there  appear  to  be  no  blocking 
contacts.  The  long  time  needed  for  the  electrometer  reading  to 
became  constant  is  what  would  be  expected  for  a  circuit  with  a  high 
resistance,  i.e.,  there  is  a  long  time  constant  due  to  the  high 
resistance  rt  the  ferrocene.  These  data  were  obtained  xtsing  silver 
painted  end  contacts  and  center  probes  made  by  melting  copper  wires 
into  the  crystal.  The  same  behavior  was  observed  with  end  contacts 
of  miuadag  and  copper  iodide,  with  silver  paint  center  probes,  snd 
also  applied  voltages  of  I.5  ▼  and  10  V. 
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Slide  3  ehovs  the  experimental  arrangement  for  aeaBurlng 
the  resistivity  and  the  thermoelectric  power  of  ferrocene  as  a 
function  of  teaq>erature.  Essentially  the  same  apparatus  was  used 
for  hoth  measurements  with  minor  changes  indicated  in  the  circled 
portion  of  the  figure.  Bert  (a)  shows  the  arrangement  for  the 
resistivity  measurements.  The  sasgtle  was  placed  ^  series  with  a 
battery  and  a  known  resistor  of  either  ICr-^  or  10^  ohms,  depending 
on  the  resistance  of  the  sample.  The  voltage  drop  across  the  known 
resistor  was  measured  with  the  Osry  vibrating*reed  electrometer. 

Thus,  the  current  in  the  circuit  and  the  resistance  of  the  ferrocene 
ssjqple  are  determined.  It  was  observed  that  ten  nlnutes  between 
readings  was  a  sxifflelent  time  to  eliminate  any  dielectric  relaxation 
effects.  Resistivity  measurements  were  also  made  using  a  guard  ring 
attached  to  the  top  of  the  sample  to  minimise  any  surface  conduction 
that  may  be  present.  It  was  found  that  the  use  of  the  guard  ring 
In  the  clrcxilt  produced  a  negligible  effect  in  the  resistivity. 

In  order  to  obtain  stable  readings  of  the  electrometer,  it 
was  necessary  to  shield  the  entire  input  circuit.  The  saiQle  mount 
and  electrometer  head  were  enclosed  In  an  altBd.num  box  idileh  was 
grounded  to  the  electrosMter  ease.  The  aaiblent  temperature  was  con¬ 
trolled  by  a  small  dc  electric  heater  placed  outside  the  aluminum 
box,  bxxt  arranged  In  such  a  way  ns  to  heat  only  a  small  portion  of 
the  shield  which  was  Insulated  thermally,  but  not  electrically  from 
the  main  shield.  The  temperatiure  was  mMsured  by  means  of  a  chromel- 
alumel  thermocouple  attached  to  the  block  on  which  the  sample  rested. 
Since  all  leads  Introduced  into  the  shield  box  produced  considerable 
static  pickup  In  the  electrometer,  the  wire  leads  for  the  thermo¬ 
couples  were  disconnected  at  the  box  during  the  voltage  measurements. 

Part  (b)  shows  the  arrangement  for  the  measurement  of  the 
thermoelectric  power.  Both  the  known  rMlstor  and  the  battery  were 
removed  and  the  guard  ring  was  not  \i8ed.  A  copper  block  with  a 
thermocouple  embedded  in  It  was  the  top  contact  to  the  sample.  The 
top  of  the  copper  block  was  painted  black  and  was  heated  by  means  of 
a  strong  microscope  light  focxised  on  the  block  throxigh  a  hole  In  the 
shield.  In  this  way  the  temperature  difference  necessary  for  obtain¬ 
ing  the  thermoelectric  power  was  generated. 

The  resistivity  is  found,  like  that  of  an  intrinsic  semi¬ 
conductor,  to  follow  cm  exponential  dependence  on  temperature.  Slide 
U  shows  the  logarithm  of  the  resistivity  as  a  function  of  lOOO/T  for 
five  different  ferrocene  samples.  For  each  sample  the  resulting 
graph  Is  a  stral^t  line.  From  the  slope  of  this  line  Is  calculated 
an  "activation  energy."  It  Is  noticed  that  whereas  the  room  teopera- 
ture  resistivities  of  the  samples  vary  from  10^  to  ohm  cm,  the 
"activation  energy"  varies  only  slightly. 

Similar  curves  were  obtained  for  27  saaples  which  Included 
crystals  grown  by  each  of  the  four  methods  previously  outllxwd. 
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Slide  5  ehows  the  dletrihutlon  of  these  ssaples  ty  resistivity  in 
pert  {%),  and  hy  '’activation  energy"  in  part  (b).  It  is  seen  that 
the  spread  in  resistivity  is  large  extending^  at  roon  teaperature, 
over  thTM  orders  of  B(^lt\ide.  Although  nore  samples  falL  in  the 
6.4  z  10^  -  2.S>6  X  l(r*3  block  than  in  any  other>  there  are  enough 
samples  in  each  block  throughout  the  range  to  indicate  that  this  is 
not  a  noxval  scattering  due  to  scbm  systsmtic  error.  The  spread  in 
resistivities  cannot  be  correlated  vlth  impurities  or  crystal  direc¬ 
tion.  It  is  posslblef  however,  that  crystal  imperfections  not 
detectable  by  the  eye  are  responsible.  On  the  other  hand,  the 
scattering  in  activation  energy  for  the  same  samples  appears  to  be 
small.  The  avezage  €  for  the  27  samples  measured  was  0.89  eV. 

Resistivity  measurements  made  both  parallel  and  perpendicu¬ 
lar  to  the  (OOl)  direction  vere  also  found  to  scatter  through  the 
same  ranges  as  obtained  for  the  undetermined  directions.  Ihus,  any 
anisotropy  with  crystal  direction  is  probably  slight.  The  role  of 
Imapurlties  is  more  difficult  to  determine.  Although  material  ob¬ 
tained  from  different  positions  along  the  sone  refined  tube  gave  a 
vide  scattering  in  resistivities,  encoapassing  the  entire  range  of 
resistivities  obtained,  the  nature  of  any  impurities  present,  whether 
they  are  removed  by  the  sone  refining,  and  if  they  are  present  in 
crystals  grown  by  the  other  three  methods  is  not  known. 

g  The  thermoelectric  power  was  measured  on  crystals  about 
0.5  eml^  and  shout  O.U  am  thick,  grown  by  two  methods,  (l)  from 
bensene  solution  and,  (2)  by  svhlimation.  Cbntacts  were  silver  or 
copper  iodide.  Meastuements  vere  made  between  room  temperature  and 
80*C  with  temperature  differences  usually  between  8  and  12*.  Slide 
6  shows  the  thermoelectric  power  (Seebeck  coefficient)  in  millivolts 
per  degree  as  a  function  of  temperature  for  various  samples.  The 
effect  is  positive.  Average  values  are  about  1.2  mV/degree  at  room 
tesperature  anti  Increase  slightly  with  increasing  tesperature.  There 
are  no  noticeable  differences  between  the  values  for  silver  and 
copper  iodide  contacts.  Likewise,  there  appetur  to  be  no  differences 
between  values  for  crystals  grown  from  benzene  solution  and  those 
grown  by  sublimation.  The  amount  of  scattering  in  the  thermoelectric 
power  for  various  saaples  is  approximately  ^20  percent  and  is  con¬ 
siderably  sasdler  than  the  usual  scattering"* in  electrical  properties 
of  organic  crystals.  It  is  likely  that  some  scattering  nay  have  been 
caused  by  tiny  cracks  in  the  saaples. 

As  a  result  of  experiments  which  included  voltage  probing 
along  the  crystckl,  long  time  observations,  and  resistivity  measure¬ 
ments  using  guard  rings,  it  is  concluded  that  contact  and  surface 
effects  and  dielectric  relaxation  effects  have  a  negligible  effect 
on  the  conductivity  of  ferrocene  crystals  providing  sufficient  tine 
is  allowed  for  the  measxirements.  A  true  dark  conductivity  exists 
in  ferrocene  which  at  roan  temperature  YVies  fr«  sanple  to  sanple 
over  three  orders  of  magnitude  from  10"^  to  10“^^  ohnr^  cn“^  with 
no  apparent  dependence  on  Inpurities  or  crystal  direction,  increases 
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exponentially  vlth  l/T  as  the  tesgperature  Increases |  and  yields  with 
only  sBiall  scattering  of  these  data,  and  average  "activation  energy" 
of  0.69  eV*  The  themoelectrlc  power  Is  about  1.2  aV/degree,  and 
Is  positive  Indicating  a  higher  mobility  of  positive  rather  than 
negative  charges. 

On  the  basis  of  Its  exponential  dependence  on  reciprocal 
teogperatvire,  the  conduction  may  be  thought  of  as  "intrinsic."  The 
spread  In  conductivities,  however,  cannot  be  attributed  to  systematic 
error.  Impurities  or  anlstropy  due  to  crystal  direction.  Instead 
It  Is  pxoposed  that  another  mechanism,  crystal  liqperf actions,  la 
responsible  for  the  vide  range  of  conductivities  and  to  sene  extent 
Influences  the  temperature  dependence  of  the  conductivity.  Since 
Imperfections  occur  in  crystaljs  as  a  result  of  cutting,  polishing, 
and  heat  treatment.  It  is  likely  that  such  imperfections  were  intro¬ 
duced  Into  our  samples  during  their  growth  and  preparation*  It 
appears  that  future  experiments  to  discover  the  kinds  and  nuiisbers  of 
Imperfections  present  in  molecular  crystals,  together  with  how  they 
Influence  the  conductivity  will  be  necessazy  for  the  determination 
of  the  conduction  mechanism  In  organics.  It  may  be  that  the  Idea 
of  "Intrinsic  conduction"  will  have  to  be  redefined  for  molecular 
conductors. 

LITERATURE; 

i.  J.  D.  Dunltz,  and  L.  E.  Orgel,  Nature,  171.  121  (1953). 
kcmMUSDamm: 

The  authors  wish  to  express  their  appreciation  to 
Mr.  Herbert  Mette,  USAEIHDL. ,  for  his  helpful  discussions  and 
comments . 


■^11 


ZEHLER 


513 


DISTANCE /MILLIMETERS 


HEATING 
SHIELD-.  LIGHT 


Z£HI£R 


ZEHUR 


1000/ T 

FIG.  4  RESISTIVITY  OF  VARIOUS  FERROCENE  SAMPLES 
AS  A  FUNCTION  OF  TEMPERATURE  BETWEEN 
ROOM  TEMPERATURE  AND  70 'C. 
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